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FOREWARD 


This  final  report  presents  the  results  of  research  undertaken  at  Purdue 
University  under  Air  Force  Contract  No.  F33615-78-C-2401.  The  effort  was 
sponsored  by  the  Air  Force  Aero  Propulsion  Laboratory,  Air  Force  Systems 
Command,  Wrlght-Patterson  Air  Force  Base,  Ohio,  under  Project/Task/Work  Unit 
3066/04/54,  with  Hr  Larry  E.  Crawford,  AFAPL/TBC,  as  Project  Engineer.  This 
work  was  jointly  sponsored  by  NASA-Lewis  Research  Center,  Cleveland,  Ohio. 

Two  earlier  publications  of  direct  relevance  to  the  project  are  as 
follows: 

i)  "Water  Ingestion  into  Axial  Flow  Compressor",  Report  No.  AFAPL-TR- 
76-77,  August,  1976  and 

ii)  "Analysis  of  Water  Ingestion  Effects  in  Axial  Flow  Compressors", 
Report  No.  AFAPL-TR-78-35,  June,  1978. 

The  research  reported  in  the  current  report  pertains  to  a  further  development 
of  a  prediction  code  for  the  performance  of  an  axial  compressor  with  water 
ingestion,  experimental  studies  on  a  small  engine-driven  axial  compressor  with 
water  ingestion  and  an  analysis  of  the  results. 

The  final  report  consists  of  three  parts.  Part  I  entitled  Analysis  and 
Predictions,  Part  II  entitled  Computational  Program  and  Part  III  entitled 
Experimental  Results  and  Discussion.  Each  part  is  presented  in  a  separate 
volume. 

Dr  Bruce  A.  Reese,  currently  Chief  Scientist  at  the  Arnold  Engineering 
Development  Center,  Arnold  Air  Force  Base,  who  was  Professor  and  Head,  School 
of  Aeronautics  and  Astronautics,  Purdue  University,  up  to  June  30,  1979, 
participated  in  the  conduct  of  research  from  January,  1978  until  June  30, 

1979. 


The  Drive  Engine  and  the  Test  Compressor  provided  by  the  Air  Force  for 
the  experimental  studies  under  this  project  were  manufactured  by  the  Detroit 
Diesel  Allison  of  Indianapolis.  They  refurbished  the  units  during  this 
program  under  a  subcontract.  In  that  work  and  in  a  variety  of  ways,  the  DDA 
and  several  of  their  personnel  have  been  most  helpful  and  have  given  their 
time  and  advice  generously  to  the  Investigators. 
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SUMMARY 


An  analysis  of  the  performance  of  an  axial  flow  compressor  operat¬ 
ing  with  (a)  mixtures  of  gases  and  (b)  air-water  droplet  mixtures  has 
been  developed.  In  the  case  of  mixtures  of  gases,  account  has  been 
taken  of  the  changes  in  molecular  weight  and  ratio  of  specific  heats. 

In  the  case  of  two  phase  flow,  the  major  processes  of  interest  are  (i) 
droplet-blade  interaction,  (ii)  droplet  heating,  (iii)  droplet  centri¬ 
fuging  and  (iv)  droplet  break-up.  The  PURDU-WICSTK  program  developed 
for  the  prediction  of  compressor  performance  has  been  utilized  to  ob¬ 
tain  the  performance  of  a  Test  Compressor.  A  three-dimensional  stream¬ 
line  computer  code,  the  UD-0300,  has  also  been  modified  and  exercised 
in  the  case  of  compressor  operation  with  mixtures  of  gases. 

Water  ingestion  into  the  compressor  of  an  aircraft  gas  turbine 
engine  affects  the  performance  of  the  engine,  and  a  preliminary  analysi 
of  the  nature  of  the  effects  has  also  been  conducted. 
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CHAPTER  I 


INTRODUCTION 

Water  ingestion  into  an  aircraft  gas  turbine  arises  due  to  two 
circumstantial  reasons: 

(1)  wheel -generated  spray  clouds  entering  the  engine  inlet  during 
take-off  and  landing  from  a  rough  runway  with  puddles  of 
water;  and 

(2)  rain,  occasionally  mixed  with  hail,  entering  the  engine  inlet 
during  various  parts  of  a  flight  in  a  rain  storm. 

A  number  of  studies  (Refs.  1-6)  have  shown  that  adverse  effects  can  arise 
in  engine  performance  due  to  such  ingestion  of  water  at  engine  inlet, 
when  the  engine  has  been  designed  for  operation  with  air  flow.  In 
particular  the  engine  may  surge  and  may  suffer  blow-out  or  unsteadiness 
in  the  main  burner  or  the  after-burner.  Simple  corrective  steps,  such 
as  resetting  the  throttle,  have  generally  been  ineffective  in  overcoming 
the  problems  of  loss  of  power  and  nonsteady  behaviour  of  the  engine.  In 
the  case  of  wheel-spray  ingestion,  it  has  again  become  clear  that  basic 
changes  in  engine  installation  may  be  necessary  in  relation  to  inlets 
and  landing  wheels. 

In  the  current  investigation,  there  is  no  particular  emphasis  on 

the  precise  cause  for  the  presence  of  water  at  the  engine  inlet.  Water 

is  assumed  to  enter  the  compressor  along  with  air  in  droplet  form.  The 
droplet  (nominal)  diameters  may  be  in  the  range  of  20  to  1,300  microns. 

Th  water  content  by  weight  may  be  in  the  range  of  2.5  to  15.0  per  cent. 

In  case  of  rain  through  which  an  aircraft.may  have  to  fly  (Refs.  7-9) 
the  droplet  sizes  may  be  of  the  order  of  100  to  1,500  microns,  although 
3,000  micron  size  droplets  have  also  been  reported  (Fig. 1.1).  On  the 
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other  hand,  15.0  per  cent  of  water  by  weight  is  probably  to  be  consider¬ 
ed  as  a  large  amount  of  ingestion  into  the  inlet,  corresponding  to 
flight  through  storm  conditions.  Under  such  extreme  conditions  there 
may  also  be  hail  and  snow  ingestion  into  the  engine.  However,  only 
water  ingestion  effects  are  examined  here. 

A  comprehensive  investigation  of  the  problem  of  water  ingestion 
into  engines  during  flight  should  take  into  account  details  of  the 
engine,  its  installation  and  the  engine  and  aircraft  controls.  In  the 
current  investigation  attention  is  focussed  on  the  engine  and  its  control. 

Furthermore,  it  is  felt  that  the  response  of  the  compressor  in  the 
engine  to  water  ingestion  plays  a  determining  and  crucial  role  in  the 
response  of  the  engine  as  a  whole  in  view  of  two  considerations. 

(1)  The  compressor  receives  the  ingested  water  directly  and,  as  a 
rotating  machine,  is  most  strongly  affected  by  the  ingested 
water,  and  also  changes  the  "state  of  water"  before  the 
fluid  enters  the  burner. 

(2)  The  compressor  performance  most  directly  affects  the  operating 
point  of  the  engine  under  steady  and  transient  state  conditions.* 

However,  the  compressor  performance  is  affected  by  the  presence  of  an 
inlet  through  the  changes  in  the  flow  field  introduced  by  it,  especially 
the  distortion  of  the  compressor  inlet  flow  field.  While  noting  such 
strong  interaction  between  the  inlet  and  the  compressor  flow  fields,  the 


*  It  may  be  pointed  out  that  the  operating  point  of  an  engine  is 
determined  by  the  matching  between  all  of  the  components  of  the  engine. 

Thus,  the  swallowing  capacity  of  the  turbine  and  nozzle,  for  example 
in  a  simple  jet  engine,  at  a  given  engine  speed  and  turbine  entry  temperature, 
determine  the  engine  operating  point  on  the  compressor  map.  However,  any 
changes  in  the  compressor  outlet  conditions  affect  the  engine  operating 
point  most  directly  with  a  given  turbine  and  nozzle.  In  particular,  during 
water  ingestion,  the  compressor  map  becomes  completely  changed,  causing 
at  least  a  change  in  the  surge  margin  for  a  possible  operating  point  and, 
in  extreme  cases,  a  total  mismatch  between  the  components.  Even  with  a 
turbine  and  nozzle  that  have  variable-area  capability,  it  may  become 
necessary  to  regulate  the  compressor  outlet  conditions  independently. 
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most  important  aspect  of  the  problem  of  water  ingestion  into  an  engine 
is  still  considered  to  be  that  pertaining  to  changes  in  the  compressor 
performance  itself. 

In  the  case  of  turbofan  engines,  the  air-water  mixture  upon  entering 
the  inlet  becomes  divided  between  the  fan  and  the  compressor.  In  parti¬ 
cular  cases,  the  compressor  stream  may  have  a  different  water  content 
and  droplet  size  distribution  from  that  of  the  compressor  stream  in  the 
absence  of  a  fan.  The  effects  of  water  ingestion  are  important  both 

in  the  fan  and  the  core  engine  compressor,  although,  perhaps,  more  so 

* 

in  the  latter.  When  there  is  an  after-burner  in  the  fan  stream  or  when 
a  "mixing"  nozzle  is  employed,  water  ingestion  into  the  fan  stream 
mary,  however,  become  critically  important. 

From  practical  operational  and  design  points  of  view,  the  effects 
of  water  ingestion  in  a  compressor  are  as  follows: 

(1)  changes  in  temperature  ratio,  pressure  ratio  and  efficiency 
of  the  compressor; 

(2)  changes  in  surge  line  and  operating  line,  and  therefore  the 
surge  margin  under  given  operating  conditions; 

(3)  blade  deformation  and  erosion  due  to  impact  of  droplets; 

(4)  blade  and  casing  deformation  due  to  differential  thermal 
expansion  under  transient  conditions; 

(5)  oscillation  of  pressure  ratio  and  flow;  and 

(6)  changes  in  dynamic  loading  including  aero-elastic  effects. 

For  given  entry  conditions,  the  response  of  the  compressor  is 
determined  by  the  following: 

(1)  compressor  geometry; 

(2)  blade  loading; 

(3)  machine  rotational  speed;  and 

(4)  parameters  of  the  engine  of  which  the  compressor  is  a  part. 

The  latter  pertain  to  engine  matching  and  should  include  not  only  the 
steady  state  performance  parameters  but  also  the  mechanical,  aero¬ 
dynamic  and  thermal  inertia  of  the  various  components  of  the  engine 


under  transient  conditions.  It  should  be  noted  that  in  particular 
cases,  the  engine  components  may  include  a  fan,  an  after-burner  or  a 
second  nozzle  as  part  of  the  engine. 

In  establishing  the  response  of  a  compressor  to  water  ingestion, 
it  seems  therefore  useful  to  divide  the  total  problem  into  two  parts. 

(1)  The  compressor  as  a  machine  itself;  and 

(2)  The  compressor  as  a  part  of  the  engine  system. 

In  that  fashion,  one  can  separate  the  problems  associated  with  engine 
matching  (steady  or  transient)  from  those  dependent  upon  the  design 
of  the  compressor  itself.  Once  the  latter  have  been  understood  in 
detail,  the  engine  as  a  whole  may  be  studied  from  a  system  point  of 
view.  This  is  the  approach  adopted  in  the  current  investigation, since 
it  is  also  especially  convenient  in  conducting  experimental  studies. 

A  number  of  parameters  pertaining  to  the  air-water  mixture  entering 
a  compressor  during  water  ingestion  are  the  following: 

(1)  amount  of  water  approaching  and  actually  entering  a  blade  row 
as  a  fraction  of  the  total  mass  flow  of  fluid  entering 
compressor; 

(2)  form  in  which  water  is  present,  film  and  droplets; 

(3)  temperature  and  pressure  of  air,  temperature  of  water  and 
temperature  of  machine; 

(4)  vapor  content; 

(5)  turbulence;  and 

(6)  distortion,  radial  and  circumferential. 

Water  vapor  is  always  present  in  air-water  mixtures  ingested  into 
an  engine.  The  water  vapor  content  changes  in  the  compressor  because  of 
changes  in  pressure  and  temperature  and  because  of  transfer  processes 
between  the  two  phases.  In  particular,  in  a  multi-stage  compressor  of 
large  pressure  ratio,  there  is  a  possibility  of  some  of  the  water 
reaching  local  saturation  temperature  and  undergoing  a  phase  change  due 
to  boiling  causing  addition  of  large  quantities  of  vapor  to  the  gas  phase. 
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It  will  be  observed  that  each  of  the  afore-mentioned  six  parameters 
changes  after  each  hlade  row  and  the  cumulative  changes  are  therefore 
especially  significant  in  a  multi-stage  machine.  Furthermore,  both 
time-dependent  changes  during  sudden  and  sporadic  ingestion,  as  well  as 
steady  state  changes,  as,  for  example,  may  arise  in  a  laboratory  experi¬ 
ment,  need  consideration.  Thus,  a  detailed  study  of  this  problem  should 
result  in  the  determination  and  verification  of  methods  for  establishing 
(a)  the  changes  in  the  performance  of  a  compressor  with  water  ingestion 
and  (b)  the  changes  in  the  state  of  fluid  between  the  inlet  and  the 
outlet  of  the  compressor.  Such  a  study  requires  investigations  both 
on  a  single  row  of  blades  (stationary  and  rotating)  as  well  as  on  a 
unit  with  several  rows  of  blades,  under  steady,  transient,  and  distorted 
flow  conditions.  The  latter  is  a  means  of  establishing  the  response  of 
a  blade  row  to  the  flow  generated  by  a  preceding  row.  Furthermore,  in 
order  to  examine  the  occurrence  and  effects  of  phase  change  in  a  blade  row, 
the  entry  conditions  to  the  blade  row  have  to  be  selected  such  that  they 
are  suitable  for  such  phase  change.  In  a  multi-stage  compressor  of 
large  pressure  ratio,  there  is,  of  course,  a  considerable  change  in 
air  temperature  at  design  conditions. 

However,  at  this  stage  there  are  still  considerable  problems  in  con¬ 
ducting  detailed  measurements  of  two-phase  flows  in  rotating  machinery. 

It  has  therefore  been  felt  in  this  investigation  that  one  should  aim  at 
establishing  overall  performance  changes  and  fluid  flow  changes  in  a  com¬ 
pressor  for  given  entry  conditions  of  state  of  the  two-phase  fluid.  Once 
such  overall  changes  are  established  and  related  to  verifiable  models  for 
performance  prediction,  it  is  felt  one  can  proceed  to  more  detailed 
measurements  and  modeling. 

For  a  given  compressor,  the  variables  of  interest  during  water 
Ingestion  are  the  following: 

(1)  speed  of  the  machine; 

(2)  throttle  setting; 

(3)  stagnation  pressure 

(4)  temperature  of  air  and  water; 
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(5)  amount  of  water  as  a  fraction  of  total  mixture  flow; 

(6)  droplet  size  and  number  density  distribution,  and 

(7)  vapor  content. 

The  variables  (3)  to  (7)  have  a  spanwise  and  circumferential  distribution 
at  compressor  inlet,  which  may  or  may  not  be  uniform. 

The  overall  performance  parameters  of  a  compressor  with  two-phase 
flow  are  the  following: 

(1)  pressure  ratio  temperature  ratio  and  efficiency; 

(2)  changes  in  total  water  content  and  droplet  size  across 
the  compressor;  and 

(3)  changes  in  vapor  content  across  the  compressor. 

Each  of  these  varies  along  the  span  of  a  compressor  blade.  Both  the 
measurements  and  prediction  of  these  is  beset  with  considerable 
difficulties  at  this  time.  In  particular  the  determination  of  water 
and  vapor  content  and  of  droplet  size  distribution  requires  further 
advances  in  instrumentation,  data  acquisition  and  data  processing. 

On  establishing  and  demonstrating  predictive  methods  for  the 
estimation  of  such  overall  performance  parameters  for  a  compressor,  an 
analysis  can  be  carried  out  for  an  engine  pperating  with  water  ingestion. 
Under  steady  conditions,  the  equilibrium  running  of  a  simple  engine 
depends  upon  the  following  parameters: 

(1)  engine  speed; 

(2)  mass  flow; 

(3)  compressor  performance  with  air-water  mixture; 

(4)  ratio  of  turbine  entry  temperature  to  inlet  temperature; 

(5)  turbine  operational  point  (choked  or  unchoked);  and 

(6)  thrust  nozzle  geometry. 

Regarding  the  latter,  a  fixed  geometry  thrust  nozzle  with  a  constant 
area  turbine  restricts  the  number  of  variables  for  equilibrium  running 
of  a  simple  engine  to  a  single  parameter,  namely  engine  speed  or  mass 
flow.  In  a  variable  geometry  engine  which  permits  changes  in  area  of 
the  turbine  and  the  thrust  nozzle,  one  can  select,  at  least  in  principle, 
three  variables  independently  for  equilibrium  running:  engine  speed, 
mass  flow  and  turbine  entry  temperature. 


An  analysis  of  steady  state  equilibrium  running  of  an  engine  with 
water  ingestion  can  be  expected  to  reveal  the  following: 

(1)  whether  equilibrium  running  is  feasible  under  a  given  set 
of  operating  conditions, 

(2)  changes  in  surge  margin,  and 

(3)  effect  of  fuel  scheduling  and  bleed  of  working  fluid. 

The  latter,  along  with  other  aspects  of  engine  operation,  is  dependent 
upon  the  type  of  engine  control  incorporated  in  the  system. 

Even  when  attention  is  focussed  on  the  performance  of  a  compressor 
by  itself,  several  aspects  of  the  performance  may  come  to  light  only 
when  it  is  operated  as  a  part  of  an  engine.  However,  if  engine  matching 
and  its  effect  on  compressor  performance  are  not  included,  one  can  test 
a  compressor  as  a  separate  unit  by  driving  it  ,  for  example,  with  an 
aerodynamically-independent  drive  engine.  This  has  been  the  basis  for 
experimental  studies  in  the  current  investigation. 

1.1  Objectives  and  Scope  of  the  Investigation 

The  principal  objectives  of  the  present  investigation  are  as 
follows: 

(1)  Establishment  and  demonstration  of  a  predictive  method  for 
the  calculation  of  the  performance  of  an  isolated  compressor 
driven  by  an  external  drive  unit  and  operating  with  air-water 
mixture  flow;  and 

(2)  Obtaining  and  correlating  experimental  data  on  a  multistage 
compressor  with  air-water  mixture  flow. 

In  both  of  the  above,  the  vapor  content  of  the  mixture  is  taken  into 
account,  both  initial  humidity  and  changes  in  vapor  content  due  to  phase 
change  of  water  droplets. 


The  other  objectives  of  the  present  investigation  are  as  follows: 
(1)  Determination  of  the  manner  in  which  engine  performance 
becomes  affected  by  water  droplet  Ingestion  into  the  engine 
compressors;  and 


(2)  Providing  a  review  of  instrumentation  suitable  in  compressors. 


1.1.1  Analytical -Predictive  Investigations 

The  analytical-predictive  investigations  are  divided  into  two 
parts;  (1)  investigation  on  the  performance  of  a  compressor  with  water 
ingestion,  and  (2)  analysis  of  a  simple  gas  turbine  engine  with  water 
ingestion. 

Part  I:  Performance  of  Compressor  with  Mater  Ingestion 

The  analytical-predictive  investigations  on  performance  of  compressor 
with  water  ingestion  are  divided  into  three  parts: 

(1)  Setting  up  the  general  aero- thermodynamic  equations  for 
compressor  with  air-water  mixture  flow  and  deduction  of  a 
one-dimensional  model. 

(2)  Establishing  one-dimensional  models  for  the  estimation  of  per¬ 
formance  of  a  compressor  in  four  limiting  cases  as  follows: 

(i)  Ingestion  of  mixtures  of  gases  directly  into  a  compressor 
at  inlet,  without  water  droplets. 

(ii)  Ingestion  of  small  droplets  that  can  be  assumed  to 
follow  gas  motion  and  hence  absorb  angular  momentum. 

(iii)  Ingestion  of  large  droplets  that  can  be  assumed  to 
move  with  equal  probability  in  all  directions  and 
that  cause  a  loss  of  compressor  performance  due  to 
drag  forces  acting  on  them;  and 

( i v )  Injection  of  water  with  sudden  phase  change  into 
steam  at  an  appropriate  stage  in  the  compressor. 

(3)  Adapting  and  exercising  a  three-dimensional  streamline  computer 
code,  the  UD-0300  computer  code  (Ref. 10),  for  the  case  of 
direct  Ingestion  of  mixtures  of  gases  into  a  compressor. 

Part  I I :  Analysis  of  Gas  Turbine  Engine  with  Water  Ingestion 

The  objectives  of  Part  II  are  as  follows: 


8 


(1)  Establishing  a  model  for  steady  state  engine  matching  with 
water  ingestion;  and 

(2)  Establishing  a  model  for  calculation  of  flight  performance 
with  water  ingestion. 

1.1.2.  Experimental  Investigation 

The  experimental  investigations  have  been  conducted  on  a  specially 
built  Test  Compressor.  The  experimental  investigations  may  be  divided 
into  the  following  three  parts: 

(1)  Tests  with  air  as  the  working  fluid; 

(2)  Tests  with  air-methane  mixture  as  the  working  fluid;  and 

(3)  Tests  with  air-water  droplet  mixture  as  the  working  fluid. 

The  Air  Force  System  Command  has  provided  the  Test  Compressor  and 
a  T-63  Drive  Engine  for  the  experimental  investigations.  The  predictive 
methods  developed  for  estimating  compressor  performance  with  two  phase 
flow  have  also  been  employed  to  calculate  the  performance  of  the  Test 
Compressor. 

Details  regarding  the  Test  Compressor  and  Drive  Engine  are  provided 
in  Appendix  1  to  this  Report. 

The  Test  Compressor,  it  will  be  observed,  has  several  limitations: 

(1)  the  annulus  and  the  blade  heights  are  small  and  only  overall 
performance  parameters  at  one  or  at  most  two  radial  locations 
at  the  exit  plane  can  be  measured. 

(2)  the  overall  pressure  and  temperature  ratios,  even  at  design 
point,  are  too  small  to  cause  evaporation  of  more  than  2.5 
per  cent  of  water  (by  weight)  although  the  inlet  temperature 
is  raised  to  as  high  a  value  as  185°F  (85°C);  and 

(3)  the  compressor  assembly  permits  little  flexibility  in  locating 
instrumentation,  especially  at  the  compressor  exit. 

Since  the  Test  Compressor  casing  has  a  plastic  coating  that  does  not 
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withstand  high  temperatures,  the  Test  Compressor  has  been  tested  at  low 
inlet  temperatures  in  the  range  of  7Q°F  to  100°F  (about  20°C  to  40°C). 
Such  inlet  temperatures  do  not  cause  water  evaporation  within  the  Test 
Compressor.  The  test  program  has  therefore  been  conducted  in  two  parts: 

(1)  With  a  mixture  of  gases  to  simulate  air-steam  mixture  flow 
corresponding  to  (a)  high  humidity  in  the  air  and  (b)  operation 
of  different  stages  with  air-steam  mixture  following  complete 
evaporation  of  water,  and 

(2)  With  air-water  droplet  mixture  flow. 

In  examining  the  effects  of  presence  of  water  vapor  on  a  compressor 
performance,  it  is  clear  that  another  gas,  such  as  methane,  can  be  sub¬ 
stituted  for  water  vapor  so  long  as  the  desired  similarity  laws  with 
respect  to  Reynolds  and  Mach  numbers,  are  satisfied.  A  comparison  of 
properties  for  steam  and  methane  is  presented  in  Table  1.1.  In  view 
of  the  similar  properties,  experimental  studies  have  been  undertaken  in 
this  investigation  utilizing  air-methane  mixtures. 

The  tests  with  air-water  droplet  mixtures  have  been  conducted  utili¬ 
zing  the  following  variables:  mixture  temperature,  mixture  composition 
and  droplet  size. 

1.1.3  Measurements  and  Predictions 

The  results  of  the  experimental  investigation  have  been  compared 
with  prediction  from  models  from  the  point  of  view  of  examining  selected 
assumptions  introduced  in  the  models.  It  is  clear  that  in  view  of 
limitations  on. the  feasibility  of  measurements  and  the  nature  of  assump¬ 
tions  introduced  in  modeling,  comparison  of  analytical  predictions  with 
experimental  results  is  restr'cted  to  certain  overall  performance  para¬ 
meters,  In  particular,  the  effects  of  mechanical -aero-thermodynamic 
interactions  are  established  Indirectly  from  overall  compressor  perfor¬ 
mance  parameters  and  changes  in  water  and  vapor  content. 


TABLE  1.1 


COMPARISON  OF  PROPERTIES  FOR  STEAM  AND  METHANE 


Steam 

Methane 

Chemical 

Formula 

h2o 

ch4 

Molecular  Weight 

18.016 

16.043 

Specific 

Heat  at  Constant  Pressure 
(Btu/lbm-°F) 

0.445** 

0.531* 

(kJ/kg-°C) 

1.863** 

2.223* 

Ratio  of 

Specific  Heats* 

1.329** 

1.304* 

Enthalpy 

Increase 

(Btu/lbm) 

62.70+ 

69.96+ 

(kJ/kg) 

145. 84+ 

162.73 

pressure  =  1  atm;  temperature  *  78°F  (26°C) 

**  pressure  *  1  atm;  temperature  *  212°F  (100°C) 

+  pressure  ratio,  Pq2/pqi  "  2.6;  TQ1  *  68°F  (20°c) 


i 


1.1.4  Measurement  Techniques 

A  brief  review  of  instrumentation  suitable  for  use  in  axial  flow 
compressors  and  cascades  operating  with  two  phase  fluid  flow  has  been 
undertaken. 

Two  important  overall  performance  parameters  in  compressors  are  the 
stagnation  pressure  ratio  and  the  stagnation  temperature  ratio,  A  probe 
for  the  measurement  of  stagnation  pressure  in  two  phase  flow  has  been 
developed.  Its  possible  use  in  a  compressor  flow  field  has  been 
examined.  The  development  of  a  similar  probe  for  the  measurement  of 
stagnation  temperatures  has  been  considered. 

1.1.5  Engine  Performance 

The  engines  considered  are  those  that  have  been  designed  for  air 
flow  through  the  inlet.  Engines  in  which  there  may  be  injection  of 
water  at  gas  flow  part  locations  beyond  the  compressor  or  in  other 
stream  such  as  fan  ducts  or  after-burners  are  not  under  consideration. 
Specifically  water  ingestion  effects  have  been  examined  in  the  case  of 
simple  turbo-jet  and  turbo-fan  engines  that  have  originally  been  designed 
for  air  flow  operation  only.  Thus  (a)  the  adverse  flow  effects  due  to 
water  ingestion  and  (b)  possible  methods  of  mitigating  such  effects  are 
of  interest. 

The  response  of  an  engine  to  water  ingestion  depends  upon  the 
following: 

(a)  component  geometrical  constraints; 

(b)  component  performance  characteristics;  and 

(c)  nature  of  control  incorporated  into  the  engine. 

The  performance  characteristics  that  are  of  major  interest  are  the 
following: 

(a)  Changes  in  component  performance  characteristics  due  to  water 
injection,  in  particular  the  compressor; 

(b)  Changes  in  operating  characteristics  of  engine  under  conditions 
of  equilibrium  running; 
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(c)  Changes  in  surge  margin;  and 

(d)  Limiting  conditions  of  operation. 

The  foregoing  have  been  analyzed  in  order  to  establish  general 
performance  trends  without  reference  to  specific  engine  configurations. 

It  may  be  noted  that,  because  of  the  aero-thermo-mechanical  pro¬ 
cesses  arising  on  account  of  water  ingestion,  one  may  also  expect, 
at  least  in  extreme  cases,  aero-elastic  processes  becoming  significant. 
However,  the  manner  in  which  flutter,  for  example  may  be  altered  during 
two  phase  flow  in  compressors  is  not  included  for  study  in  the  current 
investigation. 


Effects  of  Water  Ingestion 


The  two  critical  factors  during  water  ingestion  may  be  said  to  be 
the  following;  (a)  the  aero-thermo-mechanical  processes  associated  with 
two  phase  flow  and  (b)  the  centrifugal  action  on  droplets  in  the  comp¬ 
ressor.  The  first  of  these  includes  droplet  disintegration  and  evapora¬ 
tion  processes.  The  latter  gives  rise  to  a  change  in  gas  phase  mass 
flow  as  well  as  reduction  in  gas  phase  temperature.  The  centrifugal 
action  introduces  a  radial  distortion  in  the  flow  and  fluid  properties, 
and  the  distortion  changes  in  every  stage  of  a  multistage  compressor. 

In  particular,  the  spanwise  distribution  of  the  composition  and  proper¬ 
ties  of  the  fluid,  in  terms  of  air,  water  vapor  and  water  droplets 
(both  content  and  size  distribution),  undergoes  changes  continuously 
along  the  compressor  flow  path.  The  effects  (a)  and  (b)  should  be 
examined  in  a  compressor  in  relation  to  the  following: 

(i)  Formation  of  a  water  film  in  the  tip  region,  that  may  flow 
into  the  diffuser; 

(ii)  Possibility  of  choking  hub  sections  and  stalling  tip 
sections  with  redistributed  gas  and  liquid  ,>hase  mass 
flow;  and 

(iii)  Nonuniform  distribution  of  water  vapor  in  the  radial 
direction. 


The  foregoing  will  in  turn  affect  engine  performance  depending 
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upon  engine-matching  and  the  type  of  control  in  the  engine. 

In  order  to  reduce  the  effects  of  water  ingestion,  one  can 
consider  the  following  in  order  of  increasing  complexity. 

(i)  Bleeding  of  gas  or  liquid  phase  flow  at  appropriate  locations 
in  the  compressor; 

(ii)  Resetting  stator  blades; 

(iii ) Modifying  engine  control;  and 

( i v )  Introduction  of  variable  geometry  nozzle  and  also  turbine. 

The  results  of  some  preliminary  studies  on  bleeding  and  also  gas  injec¬ 
tion  have  been  reported  in  Ref.  11. 

1.2.1.  Relation  to  Other  Two-Phase  Flow  Problems  in  Turbo-Machinery 

The  current  investigation  deals  with  air-water  droplet  mixture 
ingestion  into  engines.  On  the  other  hand  there  has  also  been  consid¬ 
erable  interest  in  the  problem  of  dust  particle  ingestion  into  engines 
(Refs.  12-13).  In  the  latter  case  the  principal  interest  is  in  erosion 
of  blades  and  nozzles,  although  there  is  some  loss  in  aerodynamic  per¬ 
formance. 

It  is  generally  considered  that  the  solid  particulates  may  agglom¬ 
erate  but  not  disintegrate  during  dust  ingestion.  Furthermore  the  heat 
and  mass  transfer  processes  between  the  two  phases  are  considered 
negligible. 

Solid  particulates  are  also  of  interest  in  certain  rocket  motor 
nozzle  and  plume  flows  (Refs.  14-16).  In  this  case,  in  addition  to 
erosion  and  particulate  drag  effects  it  is  generally  necessary  to 
take  into  account  heat  and  mass  transfer  processes,  as  well  as  conden¬ 
sation,  solidification  and  other  phase  change  processes.  However,  in 
this  case  there  is  not  strong  centrifugal  action,  although  there  may  be 
some  swirl  in  the  flow. 

The  low  pressure  stages  of  a  steam  turbine  (Refs.  17-19)  may 
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operate,  as  is  well  known,  with  steam-water  droplet  mixture,  the  drop¬ 
lets  arising  through  condensation.  However,  in  this  case,  while 
erosion,  loss  of  aerodynamic  performance,  and  consequences  of  strong 
centrifugal  action  are  important,  one  does  not  have  the  problems  of 
stalling  and  surging.  A  compressor  is  prone  to  surging  and  the  surge 
margin  with  respect  to  operating  line  when  it  is  part  of  an  engine  is  an 
extremely  important  parameter  in  engine  operation.  Hence  the  problem  of 
water  ingestion  into  an  engine  compressor  attains  a  level  of  complexity  and 
significance  much  larger  than  the  two  phase  flow  problem  in  steam  tur¬ 
bines.  One  should  also  note  that  a  turbine  is  basically  a  nozzle,  while 
a  compressor  flow  (both past  a  blade  and  through  a  blade  passage^  involves 
diffusion  and  complicated  blade  wake  interactions. 

The  current  investigation  does  not  take  into  account  geometrical 
changes  in  a  compressor  because  of,  say,  differential  contraction  of  ro¬ 
tor  and  casingupon  water  ingestion.  In  general  one  can  expect  a 
change  in  clearance  between  rotor  and  stator.  If  a  compressor  has  been 
designed  with  optimum  clearance,  one  has  to  examine  both  aerodynamic 
and  mechanical  effects  caused  by  changes  in  clearance.  This  aspect  of 
water  ingestion  should  be  examined  in  relation  to  the  general  problems 
of  gas  flow  path  integrity  (Ref.  20). 

While  nonsteady  state  operation  is  not  considered  in  the  current 
investigation,  one  of  the  most  important  aspects  of  water  ingestion  into 
compressors  and  engines  is  transient  state  operation.  The  aero-thermo- 
mechanical  interactions  including  differential  contraction  of  casing 
and  rotor  under  transient  conditions  are  significant  in  evolving  various 
means  of  reducing  the  effects  of  water  ingestion. 

Finally,  it  is  recognized  that  the  entry  conditions  into  a  com¬ 
pressor  are  not  uniform  radially  and  circumferentially.  The  effects  of 
distortion  with  respect  to  pressure,  temperature,  velocity  and  turbulence 
continue  to  be  a  subject  of  concern  even  with  air  flowing  alone(Ref .21) . 
During  water  ingestion,  one  can  expect,  in  general,  distortion  both  at 
entry  and  to  the  compressor  and  at  entry  to  each  stage.  The  sensitivity 
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of  an  engine  to  water  ingestion  should  include  consideration  of  inlet 
distortion  with  regard  to  water  content  and  water  droplet  size  distri¬ 
bution.  This  problem  has  been  entirely  neglected  in  the  current  investi 
gation.  It  may  be  pointed  out  that  even  under  uniform  inlet  flow 
conditions,  radial  distortion,  of  course,  arises  within  the  compressor 
due  to  centrifuging  and  heat  and  mass  transfer  processes. 

1.3  Implications  of  Models 

The  models  derived  in  the  current  investigation  may  be  divided  into 
four  groups: 

(i)  Model  for  the  calculation  of  stage  performance  with  air  flow. 

(ii)  Model  for  droplet  motion  across  a  blade  row. 

(iii) Model  for  centrifuging  of  water,  and 

(iv)  Model  for  heat  and  mass  transfer  processes,  including  droplet 
disintegration. 

Experimental  investigations  have  been  conducted  in  order  to 
determine  overall  compressor  performance  changes  for  given  initial  and 
operating  conditions.  A  comparison  between  predictions  and  measurements 
therefore  yields  no  detailed  verification  of  the  models.  It  is  in  any 
case  doubtful  if  detailed  verification  of  all  aspects  of  the  models  can 
be  obtained  even  if  one  attempted  additional  measurements. 

The  performance  of  a  compressor  stage  with  two  phase  flow  depends 
upon  the  following  parameters: 

(i)  geometrical  design  of  blade  and  blade  passage, 

(ii)  spacing  between  blade  rows, 

(iii)  leading  and  trailing  edge  geometry, 

(iv)  casing  geometry, 

(v)  rotor  and  stator  blade  junctions, 

(vi)  incoming  flow  conditions,  and 

(vii )  operating  speed  and  throttle  setting. 

The  foregoing  determine  (a)  the  stage  work  input,  (b)  the  states 


16 


of  gas  and  liquid  phases,  (c)  the  efficiency  of  compressor,  (d)  the 
redistribution  of  water  and  vapor  and  (e)  limiting  condition  of  steady 
state  operation  of  compressor.  When  the  compressor  is  part  of  an 
engine,  the  operating  characteristics  of  all  other  components  of  the 
engine  and  of  the  engine  as  a  whole  are  also  determined  by  the  compressor 
design  and  initial  conditions.  It  is  clear  that  while  the  models 
developed  can  be  employed  to  determine  the  performance  of  any  compressor 
under  a  set  of  reasonable  operating  conditions, there  is  need  to  establish 
relations  that  can  be  employed  to  scale  the  performance  of  a  compressor 
with  respect  to  design,  initial  and  operating  conditions.  Such 
scaling  laws  have  to  be  based  on  characteristic  lengths,  characteristic 
times,  and  blade,  blade  passage  and  blade  row  characteristics  of  the 
compressor  and,  when  the  compressor  is  part  of  an  engine,  the  character¬ 
istics  of  other  components  such  as  diffuser,  burner,  turbine  and  nozzle. 
Under  certain  assumptions  an  attempt  has  been  made  to  establish  scaling 
laws  for  both  a  compressor  and  a  simple  jet  engine. 

1 <4  Organization  of  Report 

The  final  report  is  being  issued  in  three  parts: 

Part  I:  Analysis  and  Predictions 

Part  II:  Computational  Programs  and  Measurement 

Techniques,  and 

Part  III:  Experimental  Results  and  Discussion 

This  report  constitutes  Part  I  of  the  Final  Report.  Chapter  I  is 
the  introduction.  Chapter  II  is  devoted  to  a  discussion  of  model  for 
air-water  droplet  mixture  flow  in  a  compressor,  and  Chapter  III 
presents  the  models  employed  for  the  calculation  of  various  limiting 
cases.  The  results  of  calculations  on  the  Test  Compressor  are  pre¬ 
sented  in  Chapter  IV.  Chapter  V  presents  an  analysis  of  engine 
operation  with  water  ingestion. 
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CHAPTER  II 


AIR-WATER  MIXTURE  FLOW  IN  A  COMPRESSOR 

One  of  the  central  features  of  water  ingestion  into  compressors 
is  that  water  is  predominantly  in  discrete  droplet  form,  although  some 
of  the  water  may  move  in  the  form  of  a  film  at  least  over  short  dis¬ 
tances  on  the  blades  and  the  casing  walls.  A  second  important  feature 
is  that  the  droplets  or  the  film  may  undergo  both  change  of  form  as 
well  as  of  phase  along  the  flow  path.  Those  processes  lead  to  a  span- 
wise  redistribution  of  water  and  vapor  content  across  the  compressor. 
Thirdly,  the  presence  of  discrete  droplets  and  water  vapor  in  air 
changes  substantially  the  acoustic  speed  in  the  medium,  and  hence  the 
flow  Mach  number  (Ref.  22  ).  The  acoustic  speed  in  a  droplet-laden 

air  flow  is  presented  graphically  in  Fig.  2.1  for  standard  atmospheric 
conditions.  The  acoustic  speed  decreases  initially  as  liquid  volume 
fraction  increases.  Fourthly,  the  motion  and  transport  processes  of 
the  air-water  droplet  mixture  are  dependent  upon  the  following:  (1) 
the  interactive  gravitational  and  centrifugal  flow  fields;  (2)  the 
characteristic  length  and  time  scales  typified  by  various  character¬ 
istic  parameters  such  as  Reynolds  number  of  flow,  Reynolds  number  of 
droplets,  and  blade-casing  clearance;  and  (3)  the  flow  Mach  number. 
Finally,  the  turbulent  characteristics  and  nonuniformities  in  the  flow 
are  affected  by  the  presence  of  droplets. 


2. 1  Performance  Parameters 

The  overall  performance  of  a  compressor  is  given  by  the  following 
parameters:  (a)  pressure  ratio,  (b)  temperature  ratio,  (c)  efficiency, 
and  (d)  the  surqe  mass  flow  at  different  speeds.  In  the  case  of 


two  phase  flow,  the  following  additional  parameters  are  of  interest: 

(a)  change  of  vapor  content,  (b)  change  of  water  content,  and  (c)  change 
in  droplet  size  and  number  distribution. 

Considering  the  blades  in  any  stage  of  a  multistage  compressor, 
the  performance  depends  upon  the  blade  characteristics,  inter-blade 
space  geometry,  casing  geometry  and  the  inter-row  spacing  geometry.  It 
has  been  established  practice  with  air  flow  in  a  compressor  to  correlate 
experimental  data  on  pressure  rise  coefficient  and  loss  coefficient,  as 
well  as  deviation  and  diffusion  factors,  based  on  blade  profile  shape, 
incidence  angle  and  flow  Mach  number  (Refs. 23  and  24).  During  water 
ingestion  changes  can  be  expected  to  arise  in  air  mass  flow  rate,  work 
done  on  air,  diffusion,  boundary  layer  characteristics  and  wake  charac¬ 
teristics.  The  major  performance  parameters  that  reflect  those  changes 
are  those  mentioned  earlier  for  the  case  of  (one  phase)  air  flow  and 
those  pertaining  to  the  state  of  air-water  droplet  mixture.  The  air- 
water  mixture  undergoes  changes  across  a  stage  in  (a)  vapor  content, 

(b)  water  content,  and  (c)  water  droplet  size  and  number  distribution. 

The  central  uncertainty  in  regard  to  each  of  those  is  that  droplets 
impinge  on  physical  surfaces  (one  or  more  times  on  any  given  surface  in 
a  specific  part  of  the  machine),  rebound,  break-up,  possibly  form  films 
and  become  re-entrained  into  blade  wakes.  A  film  has  its  own  character¬ 
istics  including  break-up,  droplet  formation  and  film  reformation. 

These  processes  affect  each  of  the  flow  and  transfer  processes  as  well 
as  the  state  of  air-water  droplet  mixture.  It  is  clearly  impossible 
to  adapt  air  flow  cascade  data  for  direct  application  to  air-water 
mixture  flow.  In  principle,  with  adequate  detailed  investigations  on 
cascades  and  compressor  stages,  it  may  be  possible  to  separate  the 
principal  effects  during  water  ingestion  into  a  compressor  as  follows: 

(1)  blade  passage  effects; 

(2)  impingement  and  associated  effects; 

(3)  heat  and  mass  transfer  effects; 

(4)  centrifugal  force  effect;  and 

(5)  droplet  break-up  processes. 
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The  five  effects  become  strongly  inter-related  in  any  compressor  stage 
because  of  the  presence  of  a  finite  gap-chord  ratio  of  blades,  a  finite 
aspect  ratio  of  blades,  and  rotation. 

In  the  case  of  a  single  wing  or  bluff  body,  such  as  a  fuselage, 
impingement  of  water  droplets  has  been  studied  in  the  past  with  refer¬ 
ence  to  the  following  parameters  (Refs .25  and  26): 

(a)  droplet  trajectory  parameter  for  which  the  scaling  parameter 
is  based  on  a  simple  momentum  balance  for  individual  droplets; 

(b)  capture  parameter,  defined  by  CV0  ,  where  C  is  the  water 
concentration  per  unit  volume  and  VQ  is  the  velocity  of  in¬ 
gestion  relative  to  the  body;  and 

(c)  thermal  parameters  based  on  heat  and  mass  transfer. 

The  trajectory  parameter  is  in  the  nature  of  an  inertia  parameter.  In 
the  case  of  a  duct-like  configuration,  a  scooping  ratio  or  capture 
efficiency  has  been  defined  to  extend  the  application  of  trajectory 
parameter  and  capture  parameter. 

In  the  case  of  a  compressor,  while  one  may  still  utilize  the  con¬ 
cept  of  a  scooping  ratio  at  the  Inlet,  the  trajectory  or  inertia  para¬ 
meter  and  the  thermal  parameters  are  also  governed  by  the  presence  of 
blades  and  by  rotation.  Once  the  droplets  impinge  on  the  blades  other 
processes  have  to  be  taken  into  account  such  as  rebound,  motion  on  the 
surface  of  blade  in  the  form  of  film  and  reingestion  of  the  film  into 
blade  wake.  Meanwhile  the  flow  over  the  surface  of  the  blade  and  in 
the  blade  passage  undergo  profound  modifications.  There  is  probably 
little  relation  between  cascade  characteristics  as  they  may  have  been 
established  with  air  flow  and  the  characteristics  as  obtained  with 
two  phase  flow  (Refs. 17  h  >17  ).  The  blade  boundary  layer,  the  second¬ 
ary  flows  and  the  wake  will  undoubtedly  change  with  two  phase  flow. 

A  variety  of  assumptions,  therefore,  are  required  at  this  stage  in 
setting  up  a  model  for  two  phase  flow  In  a  rotating  cascade  of  blades: 
regarding  scooping  of  droplets;  impingement,  motion  over  blade  sur¬ 
faces  and  reingestion,*  profile  and  secondary  losses  and  wake  charac¬ 
teristics. 
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Each  of  the  foregoing  Is  affected  by  rotation,  and  resulting 
centrifugal  action,  in  rotors.  Centrifugal  action  arises  both  over  the 
surface  of  blades  and  also  In  the  blade  passages  due  to  the  whirl 
component  of  mixture  velocity.  In  general.  It  introduces  a  spanwise 
or  radial  distortion  in  the  composition  of  the  mixture  and  the  flow 
field,  that  have  profound  consequences  on  compressor,  and  eventually 
engine,  performance. 

It  is  also  important  to  recognize  here  that  the  mechanical  and  aero- 
thermodynamic  interactions  between  a  compressor  and  two  phase  flow  also 
involve  various  processes  at  the  casing  wall  and  the  "inner  wall"  of  the 
compressor.  In  view  of  the  nature  of  centrifugal  action  on  droplets, 
the  casing  wall  boundary  layer  and  its  relation  to  rotor  blade  clear¬ 
ance-become  especially  significant.  A  film  formation  with  repeated 
break-up  and  reformation  Is  very  plausible  In  a  compressor,  especially 
a  multistage  compressor. 

The  film  formation  and  accumulation  of  water  in  the  tip  region 
generally  affect: 

(a)  the  blade  tip  mass  flow  and  pressure  losses, 

(b)  the  casing  boundary  layer  losses,  and 

(c)  heat  and  mass  transfer  processes. 

In  view  of  lack  of  adequate  data,  modeling  in  this  region  has  to  be 
based  (currently)  largely  on  heuristic  reasoning. 

Some  sophisticated  models  exist  (Refs.  12  -  13)  for  the  calcula¬ 
tion  of  solid  particle  trajectories  in  blade  passages.  However,  empiri¬ 
cal  rules  have  to  be  introduced  into  the  calculations  for  particle 
drag,  rebound,  motion  on  the  boundary  layer  and  reingestion  Into  wakes. 
The  most  significant  conclusion  from  such  studies  Is  that  the  effect  of 
particulates  Is  much  greater  In  regard  to  blockage  and  flow  path  than 
In  regard  to  pressure  loss.  This  has  Important  Implications  for 
air-water  droplet  mixture  motion  since  it  will  be  found  later  In  this 
Report  that  the  redistribution  of  water  content,  the  changes  In  droplet 
size  and  number  density,  and  the  phase  change  have  much  greater  effect 
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on  performance  than  droplet  drag. 


In  applying  such  sophisticated  models  for  the  case  of  air-water 
droplet  mixtures,  one  has  to  introduce  several  assumptions  regarding 
droplet  impact  and  heat  and  mass  transport  processes  possibly  leading 
to  phase  change.  While  some  simple  models  are  available  for  these 
processes,  considerable  empiricism  becomes  necessary  in  incorporating 
them  into  the  droplet-associated  processes  in  compressor  blade  rows. 

It  is  felt  that,  from  the  point  of  view  of  overall  performance 
estimation,  a  parametric  study  based  on  assumptions  regarding  (a)  drop¬ 
let  trajectory,  (b)  droplet  drag,  and  (c)  droplet  impact,  rebound  and 
reingestion  processes  may  be  adequate  at  this  stage.  This  is  especially 
so  in  view  of  the  limited  measurements  that  are  feasible  in  a  small 
compressor  such  as  the  Test  Compressor  and  the  limited  opportunities 
for  verification  of  various  aspects  of  more  sophisticated  models. 

Even  in  the  limited  framework  of  establishing  overall  performance 
changes  due  to  water  ingestion,  one  has  to  take  into  account  at  least 
the  following: 

(1)  the  relations  between  droplet  size  distribution  and 
various  processes  in  a  compressor; 

(2)  the  droplet  impingement,  rebound  and  reingestion; 

(3)  the  action  of  centrifugal  force; 

(4)  the  heat  and  mass  transfer  processes  leading  to 
vaporization;  and 

(5)  the  droplet  break-up. 

Each  of  those  aspects  of  the  problem’ is  discussed  in  the  following 
before  discussing  a  simplified  model  for  two  phase  flow  in  a  compressor. 

2.1.1  Effective  Mean  Diameter  of  Droplets 

In  dealing  with  an  air-water  droplet  mixture,  it  is  necessary  to 
observe  that  a  spectrum  of  droplet  sizes  exists  in  any  given  spray. 

The  existence  of  such  a  spectrum  of  droplet  sizes  should  be  taken  into 


account  in  analyzing  the  flow,  transport,  and  compressor  processes. 
Questions  then  arise  pertaining  to  the  following: 

(1)  Method  of  including  the  spectrum  of  sizes,  and 

(2)  Method  of  taking  into  account  the  various  droplet  related 
processes  along  the  flow  path  in  the  compressor. 

Regarding  the  flow  and  transport  processes,  one  can  proceed  in  one 
of  two  ways: 

(1)  The  spray  can  be  divided  into  a  number  of  classes  of  nominal 
sizes  which  together  make  up  the  spray.  Each  class  is  con¬ 
sidered  as  governed  by  appropriate  flow  and  transport  equations 
(Ref.  28). 

(2)  The  spray,  when  It  is  nearly  homogeneous,  can  be  considered  in 
terms  of  a  single  effective  mono-dispersed  spray  that  is 
equivalent  to  the  given  spray  with  respect  to  a  chosen  pro¬ 
cess  (Ref.  17). 

The  latter  is  especially  useful  when  the  spray  employed  Is  nearly 
homogeneous  during  a  laboratory,  experiment.  Considering  various  pro¬ 
cesses  such  as  droplet  motion,  droplet  break-up,  and  transport  process¬ 
es,  one  can  determine  an  effective  mean  diameter  that  is  the  most 
appropriate  for  each  process.  Then  the  effective  mean  diameter  appli¬ 
cable  to  a  given  process  should  be  used  In  the  process.  The  method  is 
also  useful  in  selecting  injectors  for  the  experiment.  Various  injectors 
that  yield  the  same  effective  mean  diameter  for  a  given  process,  but 
with  variations  in  their  actual  output  of  droplet  sizes,  can  be  con¬ 
sidered  as  equivalent  with  respect  to  that  process.  A  discussion  on 
the  determination  of  effective  mean  diameters  for  various  processes  Is 
provided  In  Appendix  2.  The  effective  mean  diameters  corresponding  to 
selected  processes  during  air-water  droplet  mixture  flow  In  a  compress¬ 
or  are  presented  In  Table  2.1. 

In  conducting  experiments,  one  can  compare  the  performance  of  a 
given  compressor  with  respect  to  a  chosen  process  by  utilizing  Injectors 
that  have  different  effective  mean  droplet  diameters  corresponding  to 


TABLE  2.1 


SUMMARY  OF  EFFECTIVE  MEAN  DIAMETER 


Process  Effective  Mean  Diameter  Effective  Mean 

Based  on  Surface  Area  Diameter  Based  on 

Volume 


1. 

Drag  Force 

Re  <  1.9 

D 

5 

21 

31 

550  <  Re  <  2.0x10 

“ 

D 

32 

2. 

Centrifugal  Force 

D 

32 

- 

3. 

Heat  Transfer 

D 

D 

21 

31 

4. 

Mass  Transfer 

D 

D 

31 

31 

5. 

Droplet  Deformation 

and  Break-up 

D 

21 

D 

31 

25 


that  process.  One  can  also  examine  with  a  given  compressor  and  given 
injectors  the  manner  In  which  various  processes  are  affected  by  the 
droplet  size  and  number  density  distribution. 


An  extension  of  the  concept  of  capture  parameter  originally 
defined  for  a  single  body  (Ref.  26  )  can  be  applied  to  a  cascade 

of  blades. 


Referring  to  Fig.  2.2,  droplet  impingement  on  a  blade  can  be 
divided  into  (1)  impingement  at  the  stagnation  region  and  (2)  impinge¬ 
ment  aft  of  the  stagnation  region.  For  part  (1)  the  local  impingement 
efficiency,  defined  by 


is  taken  to  be  equal  to  unity.  Thus  the  average  impingement  rate  (per 
unit  area  per  unit  time)  is  given  by  the  relation, 

wn  =  cv0e  *  cv0  , 

where  C  is  the  water  concentration  per  unit  volume  and  V0  is  the 
velocity  of  flow  approaching  the  blade.  The  stagnation  region  is  assum¬ 
ed  to  be  normal  to  the  axial  direction. 


For  impingement  aft  of  the  stagnation  region,  the  local  impinge¬ 
ment  efficiency  is  taken  to  be  equal  to  (cos  0)  where  0  is  the  inclina¬ 
tion  of  the  surface  to  the  direction  normal  to  the  axial  direction. 
Thus,  the  average  impingement  rate  is  given  by  the  relation, 

WI2  =  CV  =  CVo  cos  e- 

The  overall  impingement  rate  is  then  equal  to  Wj,  given  by 


In  applying  the  foregoing  to  blade  rows  in  a  compressor,  the 
velocity  of  interest  is  that  relative  to  the  blade  row  under  consldera 
tion.  However,  all  of  the  droplets  cannot  be  expected  to  move  with  a 
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single  velocity  in  direction  or  in  magnitude.  At  this  time  there  are 
neither  theoretical  nor  experimental  methods  that  are  adequately 
reliable  for  measuring  droplet  size  and  velocity  in  the  range  of  drop¬ 
let  sizes  of  interest  in  this  investigation.  Accordingly,  the  follow¬ 
ing  assumptions  are  introduced. 

(1)  During  entry  to  the  first  stage  of  a  compressor,  the  droplets 
have  the  same  velocity  as  the  gas  phase  at  a  chosen  location; 
and 

(2)  During  entry  into  one  of  the  succeeding  stages,  there  is  always 
a  well-defined  relation  between  droplet  velocity  and  gas  phase 
velocity. 

Implications  of  these  assumptions  are  discussed  further  in  Section  2. 

In  calculating  the  total  impact,  rebound  and  reingestion  of  drop¬ 
lets,  the  following  assumptions  are  employed. 

(1)  Referring  to  Fig.  2.3,  the  total  number  of  droplets  impact¬ 
ing  a  blade  In  a  row  of  blades  Is  reckoned  as  equal  to  the 
number  of  droplets  impacting  the  pressure  and  suction  sur¬ 
faces  of  two  neighboring  blades  in  the  region  of  flow  between 
the  two  stagnation  streamlines,  Al^,  B22>  for  the  two  blades 
under  consideration.  The  streamline  directions  are  nothing 
but  the  directions  of  relative  velocity  of  droplets  at  entry 
to  the  blade  row  under  consideration.  The  total  number  of 
droplets  impacting  the  surfaces  of  the  two  blades  is  taken 

as  the  total  number  of  droplets  impacting  a  blade. 

(2)  It  is  assumed  that  a  fraction  of  the  droplets  that  impact  is 
rebound,  noting  that  the  fraction  Is  an  unknown  parameter. 

(3)  The  rebound  droplets  are  then  assumed  to  rejoin  the  droplets 
in  the  blade  passage  and  move  along  with  the  gas  phase. 

(4)  The  balance  of  droplets  that  do  not  rebound  are  then  assumed 
to  become  subjected  to  the  rotational  speed  of  the  blades 
(and  hence  to  centrifugal  force  action)  and  become  reingested 
Into  the  main  stream  In  the  blade  wake.  Starting  with  small 
relative  velocity  with  respect  to  gas  phase,  the  droplets  can 


be  expected  to  attain  equilibrium  with  the  gas  phase  after 
some  acceleration  in  the  wake. 

(5)  The  droplet  trajectories  upon  leaving  a  blade  are  assumed  to 
follow  the  gas  phase  outlet  angle  at  the  trailing  edge  of  the 
blade,  based  on  the  premise  that  the  droplets  should  leave  the 
blade  in  a  region  that  is  of  the  nature  of  a  boundary  layer. 

The  droplet  trajectory  at  the  trailing  edges  of  blades  is 
also  shown  in  Fig.  2.3.  This  type  of  assumption  on  droplet 
and  gas  phase  outlet  angle  neglects  the  mutual  interaction 
between  the  two  phases  and  is  therefore  strictly  in  error 
insofar  as  estimate  of  deviation  angle  of  mixture  is  concerned. 

In  view  of  paucity  of  data  on  the  foregoing  processes  and  the  un¬ 
reliability  of  analytical  methods,  various  fractions  of  rebound  and 
reingested  droplets  are  treated  as  parameters  in  setting  up  limiting 
cases  for  performance  calculation  in  Chapter  III  of  this  Report. 

The  proposed  estimates  of  impact,  rebound  and  reingestion  have 
also  an  effect  on  the  energy  input  into  the  working  fluid.  Droplets 
of  different  sizes  can  be  expected  to  follow  different  trajectories 
with  different  relative  velocities  with  respect  to  gas  phase,  as 
stated  earlier.  It  is  therefore  again  necessary  to  divide  the  total 
work  input  (into  the  fluid  mixture)  between  the  gas  and  droplet  phases 
on  a  parametric  basis.  The  method  of  undertaking  this  in  limiting 
cases  is  also  described  in  Chapter  III  of  this  Report. 

Although  there  is  no  energy  input  into  the  working  fluid  in  a 
stator,  all  of  the  processes  associated  with  droplet  impact  have  to 
be  treated  in  the  same  manner  as  in  a  rotor.  However,  since  the 
pressure  loss  due  to  droplets  is  small  and  it  is  assumed  that  droplet 
outlet  angle  is  the  same  as  gas  outlet  angle  at  the  trailing  edge  of 
a  blade,  one  can  introduce  the  simplification  that  a  stator  blade  can 
be  treated  in  isolation  insofar  as  impact-associated  processes  are 
concerned.  This  is  equivalent  to  uncoupling  the  effects  of  a  finite 
gap-chord  ratio,  aspect  ratio  and  twist  in  the  blade  on  the  gas  and 
droplet  phases. 
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A  whirl  component  of  velocity  exists  everywhere  in  a  compressor. 

It  arises  from  the  turning  of  the  flow  over  a  blade  section  and  is 
further  increased  by  the  wheel  speed  of  the  rotors.  Centrifugal 
action  gives  rise  to  a  redistribution  of  a  single  phase  fluid  when 
there  is  a  nonuniform  radial  distribution  of  mass  flow  in  the  compressor 
annulus,  which  in  turn  arises  because  of  nonuniform  distribution  of 
velocity  and  density.  In  the  case  of  two  phase  flow  with  droplets, 
the  droplets  suffer  a  much  greater  centrifugal  action  than  the  gas 
phase,  and  the  redistribution  of  droplets  due  to  centrifugal  action 
affects  the  overall  performance  of  a  compressor  in  regard  to  every 
process  associated  with  two  phase  flow. 


A  model  for  the  calculation  of  centrifugal  force  effects  is 
developed  as  follows. 

(1)  While  centrifugal  action  arises  everywhere,  it  is  assumed 
that  it  is  sufficient  to  consider  the  effects  of  centrifugal 
force  action  only  at  the  exit  of  a  row  of  blades,  that  is  in 
the  inter-blade  row  spacing. 

(2)  Centrifugal  action  is  calculated  by  dividing  the  annulus 
height  or  the  blade  span  into  a  series  of  radial  sections 
and  then  dividing  each  radial  section  into  a  series  of 
axial  sections  (Fig.  2.4).  The  displacement  of  droplets  in 
each  section  is  then  integrated  over  a  desired  length  along 
the  compressor  and  the  redistribution  of  droplets  established 
at  the  end  of  the  chosen  length.  The  length  chosen  is  the 
largest  chord  of  a  blade  or,  in  other  cases,  the  length 
equal  to  the  chord  and  a  fraction  of  the  inter-blade  row 
spacing  on  either  side  of  the  blade  under  consideration. 

(3)  As  stated  earlier,  in  Section  2.2  on  droplet  impingement, 
some  of  the  droplets  can  be  expected  to  move  over  the  blade 
surfaces  while  the  rest  (being  the  larger  fraction)  move  in 
the  gaseous  stream.  Centrifugal  action  is  always  associated 
with  droplets  moving  over  the  surfaces  of  rotor  blades.  On 
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the  other  hand,  for  the  droplets  moving  in  the  gas  stream, 
centrifugal  action  is  associated  with  droplets  depending 
upon  whether  they  are  assumed  to  move  largely  with  the  gas 
phase  or  independently. 

In  regard  to  the  foregoing  assumptions,  certain  limiting  cases 
are  identified  and  discussed  in  Chapter  III  of  this  Report. 

2.1.4  Effect  of  Phase  Change  and  Presence  of  Water  Vapor 

An  important  aspect  of  air-water  droplet  mixture  flow  in  compressors 
is  the  possibility  of  water  undergoing  a  change  of  phase  in  the  com¬ 
pressor.  A  compressor  (operating,  as  an  ordinary  gas  turbine  compressor 
does,  without  intercooling)  can  increase  the  temperature  of  air  sub¬ 
stantially  when  it  is  a  high  pressure  ratio  machine.  Depending  upon 
the  flow  speeds  and  physical  dimensions  involved,  there  may  be  adequate 
time  for  appreciable  heat  transfer  between  the  gaseous  and  liquid  phases. 
It  is  then  of  interest  to  establish  the  effects  of  the  presence  of  water 
vapor  in  appreciable  quantities  with  or  without  (liquid)  water  depending 
upon  the  extent  of  vaporization. 

In  establishing  a  model  for  phase  change,  two  processes  have  to 
be  considered: 

(1)  Mass  transfer  in  order  to  reach  equilibrium  with  respect  to 
humidity  at  the  local  gas  phase  pressure  and  temperature;  and 

(2)  mass  transfer  due  to  vaporization. 

In  the  length  of  time  required  for  gas  phase  motion  across  a  blade 
row,  the  mass  transfer  due  to  the  humidity  equilibrating  process  is, 
in  general,  extremely  small  and  negligible.  Regarding  vaporization, 
while  the  liquid  phase  temperature  increases  in  each  stage  to  some 
extent  along  with  the  gas  phase  temperature,  vaporization  requires 
that: 

(a)  water  should  reach  local  boiling  point;  and 

(b)  there  must  be  adequate  heat  transfer  from  gas  phase  to 
liquid  phase  to  provide  the  needed  latent  heat. 
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To  a  large  extent,  whether  vaporization  occurs  or  net  depends  upon  the 
following: 

(1)  Air-water  droplet  mixture  inlet  conditions,  particularly  the 
temperature; 

(2)  Performance  of  compressor  (pressure  ratio  and  efficiency); 

(3)  Water  droplet  characteristics: 

(4)  Water  and  vapor  content  in  mixture;  and 

(5)  Droplet  residence  time  in  the  compressor. 

The  consequences  of  phase  change  are  as  follows: 

(1)  Change  in  gas  phase  mass; 

(2)  Change  in  gas  phase  composition  and  temperature; 

(3)  Change  in  liquid  phase  mass; 

(4)  Change  in  specific  heat  and  specific  heat  ratios  of 
gas  phase;  and 

(5)  Change  in  acoustic  speed  of  the  medium. 

Those  changes  cause  performance  changes  in  the  compressor,  which  in  turn 
have  an  important  effect  on  engine  performance. 

It  may  be  pointed  out  that  phase  change  during  water  ingestion 
introduces  a  change  in  gas  phase  temperature  that  does  not  arise  during 
ingestion  of  dust-laden  air.  The  latter,  of  course,  introduces  other 
complexities  such  as  accumulation  on  physical  surfaces  and  wear  of 
blades. 


2.1.5  Droplet  Break-up 

In  general,  droplets  may  undergo  agglomeration  or  break-up  and 
also  there  may  arise  condensation  of  vapor  into  droplets,  although 
the  latter  is  unlikely  with  the  steady  increase  of  pressure  and  tempera¬ 
ture  within  the  compressor.  Droplets  may  also  become  formed  in  un¬ 
stable  sizes  following  film  break-up.  Finally,  when  film  or  droplets 
become  reingested  into  blade  wakes,  the  droplets  may  be  in  unstable 
sizes  before  they  attain  reasonable  equilibrium  with  the  gas  phase.  It 
is  assumed  throughout  this  investigation  that  the  equilibrium  state 


of  a  droplet  is  governed  by  whether  a  critical  value  of  Weber  number 
has  been  reached  at  certain  chosen  locations  in  the  compressor.  The 
droplet  size  is  adjusted  accordingly. 

The  Weber  number  is  defined  as  follows  and  represents  a  balance  of 
some  of  the  forces  acting  on  the  droplet. 


where  pg  is  the  gas  phase  density,  d  ,  the  droplet  diameter,  a  ,  the 
surface  tension,  Vg  ,  the  gas  phase  velocity,  and  ,  the  droplet 
velocity. 

For  nonviscous  fluids,  the  critical  value  of  the  Weber  number  above 
which  a  droplet  breaks  up  is  about  12  (Ref.  29  ).  Liquid  vis¬ 

cosity  apparently  has  a  stabilizing  effect  which  is  scaled  by  the 
stability  number,  SN,  whose  definition  is  given  by 

2 

SN  =  u  /pa  d  g 
f  9  C 

where  ufis  liquid  viscosity.  The  results  of  some  experimental  data 
have  been  represented  by  the  equation,  namely, 

We,crit  *  12  [1  +  (SN)0-36:  , 

for  values  of  stability  number  less  than  5  (Ref.  29  ).  The  relation¬ 

ship  between  the  droplet  diameter  and  the  critical  Weber  number  and  the 
stability  number  is  shown  in  Fig.  2.5. 

Using  the  value  of  critical  Weber  number,  the  largest  stable  drop¬ 
let  diameter  can  be  expressed  as  follows: 


In  the  case  of  droplets  that  re-enter  the  stream  at  the  trailing  edge  of 
the  blade,  it  is  a  reasonable  assumption  that  in  the  vicinity  of  the 
blade  trailing  edge,  the  droplet  velocity  is  zero.  The  maximum  possible 
droplet  diameter  is  then  given  by  the  relation  as  follows. 
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A  model  for  droplet  size  adjustment  is  developed  as  follows. 

(1)  While  droplet  size  may  change  everywhere,  it  is  assumed  that 
it  is  sufficient  to  adjust  droplet  size  only  at  the  exit  of  a 
row  of  blades,  that  is  in  the  inter-blade  row  spacing. 

(2)  Droplet  size  is  changed  if  the  critical  value  of  Weber  number 
is  exceeded. 

(3)  Droplets  have  been  assumed  to  rebound,  in  part,  following 
impingement  on  a  blade  surface.  It  is  assumed  that  the  re¬ 
bound  droplets  have  a  pre-assigned  change  of  size,  for  example, 
zero  change;  and 

(4)  Droplets,  following  reingestion  into  a  wake,  are  analyzed  along 
with  the  rest  of  the  droplets  for  change  of  size  at  the  exit 

of  a  blade  row  or  in  the  inter-blade  row  spacing. 

The  foregoing  have  been  taken  into  account  in  the  development  of 
certain  limiting  cases  in  Chapter  III  of  this  Report. 


2.2  Two-Phase  Flow  Aero- thermodynamic  Model  for  Compressors 

The  aero- thermodynamic  flow  equations  for  two  phase  flow  in  com¬ 
pressors  have  been  derived,  largely  based  on  Refs.  30  and  11,  and 
presented  in  Appendix  4.  The  main  features  pertaining  to  two  phase 
flow,  that  have  been  included  in  deriving  those  equations,  are  as 
follows: 

(1)  The  working  fluid  is  assumed  to  consist  of  air,  water  vapor 
and  two  classes  (by  size,  designated  snail  and  large)  of 
droplets; 

(2)  The  gas  phase  is  considered  to  be  a  mixture  of  air  and  water 
vapor,  and  Is  assumed  to  be  a  perfect  gas  continuum.  They  are 
assumed  thoroughly  mixed  and  assumed  to  move  together  in 
thermodynamic  equilibrium  so  that  differential  diffusion  rates 
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may  be  neglected  on  a  scale  large  compared  to  the  droplet 
dimensions  and  so  that  one  may  consider  wherever  necessary 
transport  properties  of  the  mixture  rather  than  those  of  the 
two  components. 

(3)  The  liquid  droplets  are  assumed  finely  divided  so  that  any 
volume  element  considered  contains  many  droplets;  then  the 
droplets  may  be  treated  from  a  continuum  viewpoint.  This 
clearly  does  not  hold  on  a  scale  comparable  to  the  droplet 
dimensions,  but  the  major  length  scale  of  the  current  problem 
is  large  compared  to  the  droplet  dimensions. 

(4)  Two  exceptions  to  the  continuum  assumption  for  the  particulate 
liquid  phase  arise  in  the  accounting  of  (a)  the  viscous  inter¬ 
action  force  between  the  droplet  and  gas  phase,  and  (b)  the 
interfacial  heat  and  mass  transfers. 

(5)  Droplets  are  assumed  to  be  not  numerous  enough  to  give  rise 
to  a  pressure  force  component. 

(6)  It  is  assumed  that  while  the  droplet  and  gas  are  two  conti nua, 
co-existing  in  space  and  interacting  with  each  other  through 
the  transfer  of  heat,  mass,  and  momentum,  the  droplets  are 
assumed  sufficiently  separated  so  that  the  local  field  of  one 
droplet  does  not  interact  with  the  field  of  another  droplet. 

The  equations  are  developed  in  both  intrinsic  and  cylindrical 
coordinate  systems  in  a  rotating  frame  of  reference. 

The  balance  equations  required  for  the  analysis  of  compressor  flow 
fields  are  the  balance  equations  for  mass,  momentum  and  energy  and  also 
the  radial  equilibrium  or  another  equation  to  replace  it  to  yield 
spanwise  variations  (Ref.  23). 

The  flow  field  in  a  compressor  is  generally  turbulent  although  some 
relaminarization  -  transition-like  processes  (Ref.  31  )  -  may  be 

occurring  over  blade  surfaces.  The  viscous  forces  associated  with  the 
gas  and  liquid  phases  have  been  based  on  an  effective  eddy  viscosity 
coefficient  for  the  gas  phase  in  the  model  developed  here. 
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In  accounting  for  compressibility  effects  in  high  speed  compressors, 
one  has  to  recognize  the  change  in  acoustic  velocity  introduced  by  the 
presence  of  droplets.  The  acoustic  velocity  is  reduced  greatly  and  the 
Mach  number  becomes  increased  (Ref.  11). 

A  general  flow  field  calculation  of  two  phase  flow  in  an  axial  flow 
compressor  requires  solution  of  three-dimensional  flow  equations.  One 
should  then  be  able  to  obtain  both  the  gas  phase  and  liquid  phase 
trajectories  in  the  blade  passages  and  inter-blade  row  spacing.  However, 
in  evolving  such  a  model  there  will  still  be  considerable  uncertainties 
regarding  the  following: 

(1)  droplet  impact  and  rebound  processes; 

(2)  droplet  motion  along  the  surface  of  a  blade,  especially  in 
the  presence  of  secondary  and  centrifugal  forces; 

(3)  droplet  reingestion  into  the  wake  of  a  blade  and  the  develop¬ 
ment  of  the  wake  in  the  inter- blade  passage;  and 

(4)  redistribution  of  water  content  and  size  following  each 
blade  row. 

Each  of  the  foregoing  is  of  fundamental  importance  in  predicting  the 
compressor  flow  field.  However,  there  are  no  specific  analyses  or 
experimental  data  to  take  those  processes  into  account. 

Even  when  axisymmetric  or  one-dimensional  approximation  is  employed, 
the  foregoing  droplet-associated  processes  may  only  be  taken  into 
account  on  a  parametric  basis. 

In  the  current  state  of  knowledge  of  two-phase  flows  in  compressors, 
it  is  felt  that  calculations  based  on  one-dimensional  flow  approximation 
should  be  performed  and  examined  before  proceeding  to  extensive  models. 

2.2.1  One-dimensional  Approximation 

Based  on  the  aero- thermodynamic  equations  in  a  rotating  frame  of 
reference  for  two-phase  flow  in  axial  flow  compressors,  equations  based 
on  one-dimensional  approximation  have  been  deduced  and  presented  in 


Appendix  4  of  this  Report. 


It  will  be  observed  that  under  one-dimensional  approximation  the 
flow  Is  assumed  to  be  uniform  over  any  part  of  the  span  selected  for 
consideration  and  variations  of  the  flow  parameters  In  the  radial  and 
tangential  (whirl)  directions  are  entirely  neglected.  This  is  equi¬ 
valent  to  specifying  a  location  in  the  span  of  a  blade  for  entry  and 
exit  of  a  streamline  and  assuming  continuity  with  respect  to  the  axial 
component  of  velocity.  The  work  input  in  a  rotor  is  obtained  by  the 
use  of  the  Euler  turbine  equation. 

It  is  common  practice  to  apply  the  one-dimensional  flow  analysis 
to  the  mean  sections  of  compressor  stages  In  succession  starting  at 
the  inlet  to  the  compressor  and  ending  at  Its  last  stage.  In  view 
of  the  Importance  of  compressibility  in  air  flow  compressors,  the  area 
changes  across  and  between  blade  rows  is  taken  Into  account. 

In  the  case  of  two  phase  flow,  because  of  the  action  of  centri¬ 
fugal  force,  there  arises  a  concentration  of  water  in  the  tip  region 
of  a  blade  and  a  depletion  of  water  at  the  hub.  The  difference  in 
concentration  of  water  between  the  hub  and  the  tip  introduces  differ¬ 
ences  in  every  aspect  of  compressor  performance  at  the  two  sections. 
Among  other  things,  for  example,  there  may  arise  large  differences  in 
acoustic  velocity  and  hence  in  Mach  number. 

The  question  therefore  arises  whether  tip  and  hub  sections  are 
not  more  important  than  the  mean  section  under  two  phase  flow  con¬ 
ditions  Even  within  the  framework  of  one-dimensional  approximation, 
it  appears  that  performance  at  those  two  sections  should  be  compared 
with  the  mean  section  performance. 

In  the  discussion  of  limiting  cases  pertaining  to  the  Test  Com¬ 
pressor  In  Chapter  III  of  this  Report,  attention  has  been  concentrated 
entirely  on  the  tip  sections,  corresponding  to  the  region  of  constant 
outer  diameter  of  Test  Compressor  annulus. 
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2.2.2  UD-0300  Code  Modification  for  Mixtures  of  Gases 

Water  vapor  is  always  present  in  a  mixture  of  air  and  water  drop¬ 
lets.  It  is  in  general,  therefore,  necessary  to  consider  the  gas 
phase  as  consisting  of  a  mixture  of  air  and  water  vapor.  This  is 
especially  so  when  the  water  begins  to  undergo  a  change  of  phase  and 
introduces  large  quantities  of  vapor  into  the  gas  phase.  (It  may  also 
be  pointed  out  that  the  change  of  phase  of  water  itself  is  governed  by 
the  presence  of  water  vapor,  for  example,  high  temperature,  saturated 
air  permitting  little  evaporation  of  water  even  when  the  temperature  is 
raised. ) 

An  interesting  case  of  operation  of  a  compressor  operating  entirely 
with  a  mixture  of  air  and  water  vapor  arises  when  the  water  in  the 
initial  mixture  undergoes  complete  change  of  phase  at  some  station 
along  the  compressor  path.  This  leads  to  (a)  a  reduction  in  gas  phase 
temperature,  (b)  an  increase  in  vapor  content  and  (c)  the  consequent 
changes  in  the  medium  properties.  It  is  then  of  interest  to  develop 
a  calculation  procedure  for  the  flow  of  a  mixture  of  gases  following 
the  station  where  complete  evaporation  occurs.  Various  schemes  for  the 
calculation  of  compressor  performance  with  gas  flow  continue  to  become 
available  (Ref.  32  )  and  they  may  be  easily  modified  for  use  with 

mixtures  of  gases  accounting  for  changes  in  molecular  weight  and  ratio 
of  specific  heats. 

The  UD-0300  Code  for  compressor  flow  calculations  (Ref.  10  ) 

has  been  developed  for  air  flow  based  on  the  axi symmetric  theory  of 
Wennerstrom  (Ref.  30  )  for  air  flow  in  compressor.  This  program 

has  been  modified  (Ref.  11  )  for  use  with  gases  other  than  air,  in 

particular  air-steam  mixture.  The  detailed  procedure  for  calculations 
utilizing  the  modified  UD-0300  Code  Is  presented  in  Appendix  5. 

The  modified  UD-0300  Code  can  be  used  in  the  following  cases. 

(1)  flow  of  humid  air; 

(2)  air-steam  mixture,  with  steam  entering  at  the  inlet  along 
with  air  or  after  complete  evaporation  of  water; 
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(3)  water  entering  the  compressor  at  a  suitable  location  where 
it  undergoes  Instantaneous  and  complete  evaporation;  and 

(4)  mixture  of  air  and  methane  flowing  through  the  compressor. 

It  may  be  recalled  that  the  relevant  phy,',ca1  properties  of  steam  and 
methane  are  sufficiently  close  that  it  is  of  Interest  in  certain  cases 
to  perform  calculations  and  also  experiments  for  air-methane  mixtures. 

The  UD-0300  Code  is  an  expensive  computer  program  for  operation  on 
a  routine  basis.  The  modified  UD-0300  program  is  only  recommended  for 
specific  calculations  the  results  of  which  may  be  compared  with  those 
obtained  utilizing,  for  example,  one-dimensional  flow  approximation. 
This  is  the  manner  in  which  the  UD-0300  Code  has  been  utilized  here. 

A  further  discussion  on  this  is  provided  in  Chapter  III  of  this  Report. 


2.3  Compressor  Performance  Calculation 

The  overall  performance  of  a  compressor  operating  with  two  phase 
flow  can  be  obtained  in  one  of  two  ways:  (1)  by  analyzing  and  calcula¬ 
ting  the  detailed  two  phase  flow  field  with  work  input  in  the  rotors 
or  (2)  by  first  establishing  the  individual  stage  characteristic  with 
the  most  essential  features  of  two  phase  flow  taken  into  account 
and  then  correcting  the  stage  exit  flow  conditions  for  other  more 
difficult  aspects  of  two  phase  flow.  Although  the  basic  fluid  mechanical 
equations  have  been  deduced  and  presented  in  Appendix  4  for  two  phase 
flow  with  droplets  in  a  compressor,  it  is  clear  that  a  very  large 
number  of  assumptions  pertaining  to  a  variety  of  processes  are  required 
before  one  can  solve  the  flow  equations  to  any  degree  of  satisfaction. 
Many  of  the  assumptions  may  not  even  be  verifiable  on  their  own.  In 
view  of  this,  the  approach  adopted  in  the  current  analysis  is  the  more 
simplified  one,  the  second  of  the  afore-mentioned  approaches. 

The  simplified  approach  consists  of  the  following: 

(1)  For  given  initial  conditions  into  a  blade  row,  the  state  of 
the  fluid  (the  two  phase  flow  mixture)  is  established  at  the 
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exit  of  the  blade  row  without  detailed  modeling  of  two 
phase  flow  processes  but  taking  into  account  (a)  the  blockage 
for  air  flow  introduced  by  the  presence  of  droplets  and  (b) 
the  apportionment  of  work  input  between  the  gas  and  liquid 
phases,  where  necessary.  This  is  equivalent  to  treating  the 
mixture  as  a  continuum  in  the  blade  passage  but  neglecting 
the  processes  associated  with  the  presence  of  discrete  drop¬ 
lets,  the  centrifugal  force  effects  and  the  heat  and  mass 
transfer  effects. 

(2)  Droplet  impact,  rebound  and  reingestion  processes  are  partially 
included  in  the  foregoing  work  input  calculation  through 
assumptions  relating  to  the  number  of  droplets  that  may  need 

to  be  taken  into  account  in  the  apportionment  of  work  input. 

The  droplet  impact  and  associated  processes  are  also  taken 
into  account  in  calculating  (a)  the  reingestion  of  droplets 
into  wakes  and  (b)  the  effects  of  centrifugal  force  action. 
Finally,  those  processes  are  also  taken  into  account,  if  only 
indirectly,  in  adjusting  droplet  size  where  necessary. 

(3)  The  action  of  centrifugal  force  is  introduced  at  the  exit  plane 
of  a  stage  to  determine  the  redistribution  of  water  content 
along  the  blade  span. 

(4)  Heat  and  mass  transfer  processes  are  included  at  the  exit  plane 
of  the  stage  to  determine  the  "final"  temperature  and  mass 
fraction  of  the  gas  and  liquid  phases. 

(5)  The  droplet  size  at  the  exit  conditions  of  the  stage  is  ad¬ 
justed  based  on  droplet  equilibrium  related  to  Weber  number. 

(6)  Based  on  steps  (1)  to  (5)  of  the  foregoing,  one  has  at  the  exit 
of  a  stage  all  of  the  properties  of  two  phase  fluid  flow.  In 
essence,  one  has  superposed  the  effects  of  a  number  of  processes 
at  the  stage  exit.  These  conditions  are  then  adjusted,  taking 
into  account  the  area  change  in  the  inter-stage  spacing,  to 
obtain  the  entry  conditions  for  the  next  stage. 

(7)  Each  of  the  following  stages  is  then  examined  on  the  same  bases 
to  obtain  the  compressor  exit  flow  conditions. 


It  may  be  observed  in  the  foregoing  that,  for  most  of  the  pro¬ 
cesses,  a  stage  of  a  compressor  is  the  relevant  unit  of  compressor  to 
carry  out  the  calculations.  In  a  few  cases,  a  blade  row  is  the  more 
natural  unit  taking  into  account  also  the  inter-blade  row  space  and 
the  processes  therein. 

2.3.1  Effect  of  Droplet  Size 

All  of  the  two  phase  flow  processes  depend  at  every  station  in  the 
compressor  upon  the  water  content  and  the  droplet  size.  The  latter 
signifies  either  a  nominal  size  assigned  to  the  droplets  in  the  spray 
or  the  various  specially  determined  effective  diameters  pertinent  to 
different  processes.  In  all  cases,  one  recognizes  the  presence  of  a 
spectrum  of  sizes  and  a  radial  distribution  of  water  content  and  number 
density  of  droplets.  The  various  aero-thermo-mechanical  processes  asso¬ 
ciated  with  droplets  can  be  expected  to  vary  differently  and  independently 
with  respect  to  water  content  and  droplet  size  distribution.  In  general, 
increasing  water  content  should  affect  various  aspects  of  a  compressor 
performance  increasingly.  The  same  may  not  be  said  with  respect  to  drop¬ 
let  size. 

It  has,  therefore,  been  considered  useful  to  introduce  a  classifi¬ 
cation  of  sprays  into  those  that  consist  of  "small"  droplets  and  those 
others  that  consist  of  "large"  droplets.  It  is  assumed  that  the  small 
droplet  class  generally  contains  small  droplets  that  move  with  the  gas 
phase  with  negligible  relative  velocity.  Rain  water,  even  in  mist  form 
or  even  during  condensation,  may  be  found  under  stable  conditions  only 
at  much  larger  sizes.  However,  as  a  limiting  case,  the  small  droplet 
spray  has  been  postulated  to  examine  the  effect  of  droplet  size.  On 
the  other  hand,  the  large  droplet  class  is  assumed  to  contain  generally 
larger  droplets  that  can  be  expected  to  move  largely  independent  of  the 
gas  phase  motion. 

The  two  classes  of  droplets  are  distinguished  further  as  follows: 

(1)  Small  droplets,  in  view  of  their  motion  being  related  to  gas 
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phase  motion,  absorb  some  of  the  work  input  in  rotors  and 
therefore  undergo  a  rise  in  temperature.  Small  droplets 
cause  relatively  little  drag  loss.  Large  droplets,  on  the 
other  hand,  absorb  no  work  input  but  give  rise  to  drag 
losses. 

(2)  Small  droplets  suffer  centrifugal  action  both  over  the  sur¬ 
face  of  blades  and  in  the  blade  passages,  while  large  drop¬ 
lets  may  become  subjected  to  centrifugal  force  only  so  long 
as  they  are  on  the  surfaces  of  a  blade. 

(3)  Heat  and  mass  transfer  processes  arise  in  both  cases,  although 
the  magnitude  of  heat  transfer  and  the  resulting  change  in 
temperature  are  different  in  the  two  cases  because  of  differ¬ 
ences  in  surface  area  and  volume. 

These  factors  have  been  taken  into  account  in  evolving  limiting  cases 
in  Chapter  III  of  this  Report. 


2.4  Scaling  of  Compressor  Performance  with  Two  Phase  Flow 

The  various  processes  of  interest  in  a  compressor  during  water 
ingestion  are  as  follows: 

(1)  air  compression; 

(2)  droplet  ingestion  and  its  motion; 

(3)  absorption  of  angular  momentum  by  droplets; 

(4)  droplet  impingement,  rebound,  break-up,  and  entrainment; 

(5)  film  formation  and  its  flow; 

(6)  film  break-up,  reformation  of  film,  formation  of  droplets, 
and  entrainment  from  film; 

(7)  centrifuging  in  multiple-curved  and  rotating  passages; 

(8)  gravitational  action; 

(9)  droplet  drag; 

(10)  film  f rf  ctlon 

(11)  aerodynamic  losses; 

(12)  droplet  heating; 
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(13)  droplet  vaporization;  and 

(14)  film  vaporization. 

Each  of  the  foregoing  have  characteristic  lengths  and  times  that  should 
be  considered  in  relation  to  the  characteristic  lengths  and  times  of 
the  compressor.  The  relations  between  the  two  sets  of  characteristic 
lengths  and  times  determine  the  rules  for  scaling  water  Ingestion  effects 
in  different  compressors. 

Scaling  laws  for  compressor  performance  with  air  (single  phase) 
flow  are  generally  well-known  (Refs.  23  and  24).  In  the  case  of  two 
phase  flow,  the  following  additional  considerations  arise: 

(1)  mechanical  interactions  between  droplets  and  compressor; 

(2)  centrifugal  force  effects; 

(3)  aerodynamic  phenomena  resulting  from  interactions  between 
droplet  and  gaseous  medium;  and 

(4)  heat  and  mass  transfer  processes. 

These  processes  are  strongly  interconnected.  In  particular,  the 
mechanical  interactions  and  centrifugal  force  effects  affect  the  other 
two  processes.  There  is  considerable  uncertainty  in  regard  to  the  effect 
of  the  four  processes,  since  both  experiment  and  analysis  are  extremely 
challenging  in  each  case.  In  order  to  analyze  and  to  scale  the  motion 
of  two  phase  fluid  flow  in  blade  passages  and  over  the  surface  of 
blades,  one  needs  to  have  adequate  data  on  the  mechanical  interactions 
between  blades  and  droplets.  Similarly,  in  order  to  scale  the  deviation 
and  the  growth  of  the  (momentum  thickness  of  the)  boundary  layer  over  the 
blade  surface,  one  has  to  have  data  concerning  the  mechanical  interactions, 
and  also  the  flow  separation,  wake  formation  and  wake  growth  in  the  case 
of  two  phase  fluid  flow.  Centrifugal  force  effects  and  heat  and  mass 
transfer  processes  introduce  additional  complications. 

In  considering  scaling  of  compressor  performance,  one  has  to 
consider  (a)  a  single  blade,  (b)  a  cascade  with  finite  gap-chord  ratio, 

(c)  a  blade  row  in  an  annulus  of  finite  aspect  ratio,  (d)  a  rotor  with 
rotation  and  work  input  and  (e)  two  neighboring  rows  of  blades  with  a 
finite  spacing  between  them. 
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The  performance  of  a  single  blade  may  be  scaled  in  the  same  form  as 
that  of  a  wing  (Refs.  25  and  26).  The  presence  of  droplets  in  the  flow 
affect  (a)  the  pressure  distribution  over  the  blade,  (b)  the  boundary 
region  in  the  vicinity  of  the  blade  and  (c)  the  wake  formation.  For 
a  given  incidence  and  flow  Mach  number,  one  may  recognize  those  in  terms 
of  deviation,  deflection  and  losses,  using  standard  compressor  cascade 
terminology.  In  addition  to  the  foregoing,  the  state  of  the  fluid  also 
undergoes  a  change  with  respect  to  droplet  size  distribution  between 
the  front  and  rear  of  the  blade.  The  change  can  be  related  to  impinge¬ 
ment,  rebound,  reingestion  and  droplet  size  adjustment  processes.  The 
principal  interest  is  in  the  state  of  the  fluid  immediately  after  it 
has  left  the  trailing  edge  of  the  blade.  The  major  uncertainty  is  the 
state  of  the  wake  in  two  phase  flow.  No  scaling  rules  can  be  given 
for  this.  In  a  given  case,  if  impingement,  rebound  and  reingestion  are 
treated  parametrically,  the  size  of  droplets  in  the  wake  can  be  established 
on  the  basis  of  equilibrium  of  forces  using  the  Weber  number  criterion. 
Scaling,  with  respect  to  the  redistribution  of  water  content  and  droplet 
size,  is  the  most  difficult  in  every  aspect  of  two  phase  flow  through 
compressors.  Considerable  experimental  studies  are  required  before  useful 
correlations  can  be  obtained. 

In  the  case  of  a  cascade  with  finite  gap-chord  ratio,  for  a 
given  water  content  and  droplet  size  distribution  in  the  inlet  flow,  one 
can  obtain  rules  for  the  variation  of  deviation,  deflection  and  losses 
with  incidence  and  flew  Mach  number.  The  losses  may  in  turn  be  expressed 
in  terms  of  diffusion  factor  and  the  momentum  boundary  layer  thickness, 
for  example.  Proceeding  next  to  a  blade  row  in  an  annulus  of  finite 
aspect  ratio,  the  foregoing  rules  have  to  be  combined  with  the  design 
rules  utilized  for  blade  design  along  its  span.  The  finite  aspect  ratio 
gives  rise  to  secondary  flows,  in  addition  to  hub  and  tip  losses.  There 
will  also  arise  a  redistribution  of  water  content  and  droplet  size  along 
the  blade  span  at  the  trailing  edge  because  of  induced  whirl  component. 

Next,  in  the  case  of  a  rotor  with  rotation  and  work  input,  one  has 
to  take  into  account,  in  addition  to  the  various  features  of  a  stator 
flow  field,  (a)  the  rise  in  the  temperature  of  water  and  of  gas,  (b)  the 
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change  in  vapor  content,  and  (c)  the  centrifugal  action  induced  by  the 
wheel  speed.  These  processes  can  be  scaled  based  on  the  laws  of  heat 
and  mass  transfer  ,  and  of  centrifugal  action.  However,  these  processes 
are  again  strongly  coupled  to  the  droplet  mechanical  interaction 
processes.  If  the  droplet  dynamics  in  the  rotor  can  be  parametrized, 
then  one  can  scale  the  other  droplet  associated  processes. 

Finally,  a  compressor  always  has  some  inter-blade  row  spacing. 

One  has  to  scale  the  processes  in  that  region  in  terms  of  a  short  duct 
with  three-dimensional,  rotational,  wake-like  flew  in  it.  In  view  of 
the  extremely  complicated  nature  of  the  flow  processes  in  the  inter¬ 
row  spacing  (because  of  the  strong  interaction  between  blade  rows),  it 
appears  that  the  best  approach  at  the  current  stage  is  to  include  the 
inter-row  spacing  with  the  blade  rows.  Thus  the  changes  in  pressure  loss 
and  state  of  the  air-water  mixture  flow  are  analyzed  as  follows:  (i) 
deflection  and  diffusion  are  analyzed  across  the  leading  and  trailing 
edges  of  the  blade  row;  and  (ii)  the  changes  in  the  state  of  the  fluid 
are  established  between  sections  located  at  the  middle  of  the  inter-row 
spacings  upstream  and  downstream  of  the  blade  row  under  consideration. 

In  the  case  of  the  first  blade  row  in  a  compressor,  the  upstream  section 
may  be  chosen  half-a-chord  width  upstream  of  the  leading  edge  of  the 
blade  row. 

2.4.1  Characteristic  Lengths  and  Times 

The  following  lengths  are  of  interest  during  two  phase  flow  in 
a  compressor. 

(1)  compressor  inlet  diameter; 

(2)  height  and  aspect  ratio  of  blades; 

(3)  distribution  of  chord  and  gap-chord  ratio  of  blades  in  a  row 
and  along  the  compressor; 

(4)  distribution  of  height  and  aspect  ratio  of  blades  along 
the  compressor; 

(5)  distribution  of  tip  clearance  of  rotors  along  the  compressor; 

(6)  lengths  of  blade  rows  including  inter-row  spacings  along 
the  compressor; 


(7)  overall  length  of  the  compressor;  and 

(8)  droplet  size  and  number  density  distribution. 

The  following  times  are  of  interest: 

(1)  air  residence  time  in  (a)  blade  rows,  (b)  stages,  and  (c) 
compressor; 

(2)  droplet  residence  time  in  (a)  blade  rows,  (b)  stages,  and 
(c)  compressor; 

(3)  inertial  relaxation  time; 

(4)  thermal  relaxation  time; 

(5)  mass  transfer  relaxation  time; 

(6)  droplet  rupture  and  reformation  times; 

(7)  time  for  blade  passage  in  various  blade  rows  along  the  compressor; 
and 

(8)  time  for  one  revolution  of  the  compressor. 

The  principal  lengths  and  times  for  the  Test  Compressor  are  given 
in  Appendix  3. 

2.4.2  Scaling  Parameters 

In  order  to  compare  the  overall  performance  of  a  compressor  under 
given  operating  conditions  (flow  coefficient  and  rotational  speed)  with 
two  different  values  of  (a)  water  content,  and  (b)  droplet  size,  one 
can  employ  the  following  scaling  parameters: 

(1)  mass  fraction  of  water; 

(2)  Ratios  of  Dgj,  D-^,  and  032  ln  the  spray  at  entry; 

(3)  ratio  of  heat  input  required  to  evaporate  all  of  the  water  to 
the  work  input  into  the  compressor,  while  operating  at  the  same 
operating  conditions  with  air; 

(4)  Mach  number  of  mixture  at  inlet;  and 

(5)  Reynolds  number  of  droplets  at  entry  based  on  a  mean  diameter 
of  droplets. 


This  method  of  scaling  is  based  on  the  following  reasoning:  (a)  the 
mass  fraction  of  water  and  the  Mach  number  of  the  mixture  at  inlet 
determine  the  mass  flow  rate  of  gas  phase  at  a  given  flow  coefficient; 
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(b)  Items  (2),  (3),  (4),  and  (5)  determine  the  drag  loss,  the  heat  and 
mass  transfer  processes  and  the  amount  and  state  of  water  at  a  stage 
outlet  and  also  at  compressor  outlet. 

2.5  Engine  Performance  Scaling 

The  general  procedure  for  scaling  of  installed  engine  performance 
under  test-bed  and  installed  conditions  is  discussed  in  Ref.  33. 

Engine  performance  may  be  scaled  among  engines  of  the  same  class  and 
size  taking  into  account  airplane  and  installation  parameters. 

The  airplane  characteristics  may  generally  be  presented  as  a  series 
of  plots  of  dimensionless  drag  versus  Mach  number  utilizing  dimension¬ 
less  lift  as  a  parameter,  each  plot  applying  to  a  chosen  value  of  the 
ratio  of  Reynolds  number  and  Mach  number.  There  is  considerable 
ambiguity  about  the  Reynolds  number  to  be  employed.  However,  the  ratio 
of  Reynolds  number  to  Mach  number  may  prove  to  be  a  weak  variable  in 
a  given  class  and  size  of  airplanes. 

The  engine  characteristics  are  generally  supplied  in  the  form  of  a 
series  of  plots  of  thrust  versus  Mach  number  with  air  flow  and  thrust 
specific  fuel  comsumption  as  parameters,  each  plot  applying  to  a  chosen 
altitude.  One  can  re-examine  such  data  in  terms  of  a  dimensionless 
thrust,  corrected  for  the  overall  efficiency  of  conversion  of  available 
energy,  and  Mach  number.  But  a  further  parameter  then  becomes  necessary 
to  account  for  changes  with  altitude.  Such  a  parameter  may  be  taken  to 
be  the  ratio  of  Reynolds  number  to  the  characteristic  tip  speed  of  the 
compressor  in  the  engine.  In  a  given  class  and  size  of  engines  such 
a  parameter  may  be  considered  as  a  weak  variable,  but  appreciable 
differences  arise  if  very  small  engines,  of  vastly  different  type  or 
geometry  and  engines  designed  for  high  altitude  or  maneuverability  are 
sought  to  be  compared. 

Finally,  the  engine  and  the  airplane  need  to  be  matched.  The 
scaling  of  a  matched  system  may  be  examined  with  reference  to  the 
performance  characteristics  of  an  installed  engine.  The  matching  plot 
may  consist  of  nondimensional  thrust  versus  Mach  number  with  nondimensional 
lift  as  a  parameter.  However,  such  a  plot  may  only  be  used  for  comparing 
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systems  of  similar  size  and  class. 

During  water  ingestion  into  engines,  scaling  is  of  interest  in 
two  cases: 

(i)  a  given  engine  ingests  two  different  air-water  mixtures  while 
operating  under  the  same  fuel -throttle  and  thrust  setting;  and 

(ii)  the  same  air-water  mixture  is  ingested  by  two  different 
engines  of  nearly  the  same  class  and  size  and  under  similar 
operating  conditions. 

The  principal  engine  performance  parameters  are  the  following. 

(a)  Thrust 

(b)  Fuel  consumption  per  unit  of  thrust  per  unit  of  time,  and 

(c)  Surge  margin. 

In  the  case  of  operation  with  air,  the  performance  of  a  simple 
jet  engine  can  be  related  to  the  following. 

(a)  Mach  number  of  the  air  flow  in  the  capture  area  ahead  of  the 
engine. 

(b)  Engine  operating  rotational  speed,  corrected  for  inlet 
temperature. 

(c)  Ratio  of  turbine  entry  temperature  to  compressor  entry 
temperature. 

The  engine  performance  depends  upon  whether  it  is  a  fixed  or 
variable  geometry  machine  and  also  on  the  nature  of  control  incorporated 
into  the  engine.  In  general,  the  fuel  flow  rate  is  employed  to 
regulate  the  rotational  speed,  and  in  a  variable  geometry  engine, 
the  turbine  entry  temperature  may  be  regulated  by  change  of  nozzle 
area. 

During  water  ingestion  into  an  engine  through  the  compressor,  the 
amount  of  water  ingested,  under  a  variety  of  droplet  size  distributions, 
can  be  expected  to  affect  the  following. 

(a)  Mach  number  for  mixture  flow  in  the  capture  area  ahead  of 
the  engine 
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(b)  Air  flow  into  the  engine 

(c)  Compressor  outlet  temperature  and  pressure 

(d)  State  of  the  fluid  at  the  exit  of  the  compressor 

(e)  Turbine  entry  temperature  corresponding  to  a  fuel  mass 
flow  rate,  and 

(f }  Turbine  exit  temperature  and  pressure,  which  in  turn  are 
very  nearly  the  thrust  nozzle  entry  temperature  and  pressure. 

Since  the  two  engines  under  consideration  are  assumed  to  be 
operating  under  nearly  the  same  conditions,  the  Mach  number  of  mixture 
at  entry  to  the  engines  should  be  the  same  for  the  same  mass  fraction 
of  water  ingested  into  the  engines.  Hence,  considering  the  changes  in 
performance  (just  mentioned)  during  water  ingestion,  the  scaling 
parameters  become  the  following. 

(a)  Ratio  of  turbine  entry  temperature  to  mixture  temperature  at 
entry  to  engine,  and 

(b)  Engine  pressure  ratio. 

Thus,  changes  in  thrust,  specific  fuel  consumption  and  surge 
margin  can  be  scaled  with  respect  to  the  following. 

(a)  Mach  number  of  mixture  entering  the  engine 

(b)  Ratio  of  turbine  entry  temperature  to  mixture  temperature 
at  entry  to  engine,  and 

(c)  Engine  pressure  ratio 

These  parameters  serve  to  compare  the  performance  of  a  given  engine, 
at  two  different  conditions  of  operation,  as  well  as  to  compare  two 
engines  of  the  same  class  and  approximate  size. 
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CHAPTER  III 


MODELS  FOR  LIMITING  CASES 


The  limiting  cases  investigated  are  as  follows: 

(1)  gas  mixture  flow;  the  fluid  is  gas  phase  only  throughout 
the  compressor. 

(2)  air-water  droplet  mixture  flow:  with  the  droplets  (small 
in  size)  following  the  gas  flow  path  and  absorbing  work 
input  along  with  the  gaseous  phase. 

(3)  air-water  droplet  mixture  flow:  with  the  droplets  (large  in 
size)  moving  independently  of  the  gas  phase,  with  equal 
probability  of  motion  in  all  directions,  and 

(4)  air-water  droplet  mixture  flow:  with  the  droplets  under¬ 
going  sudden  evaporation  at  a  particular  stage. 

These  four  limiting  cases  are  discussed  in  detail  in  the  following. 


3. 1  Model  for  Gas  Mixture  Flow  Calculation 

It  has  been  considered  of  interest  In  the  current  investigation  to 
determine  the  effect  of  water  vapor  on  the  compressor  performance 
because  water  vapor  is  always  present  In  air.  Another  circumstance  in 
which  a  gaseous  mixture  of  air  and  steam  arises  in  a  compressor  is 
when,  during  water  ingestion,  the  conditions  become  favorable  for  com¬ 
plete  evaporation  of  water  at  a  location  within  the  compressor.  The 
presence  of  water  vapor  gives  rise  to  changes  In  (1)  molecular  weight, 
(2)  specific  heats,  and  (3)  acoustic  speed  of  the  medium.  In  the 
present  investigation,  methane  is  substituted  for  water  vapor  during 


some  of  the  experiments,  based  on  similarity  laws.  Calculations 
have  therefore  been  performed  for  both  air-steam  and  air-methane  mix¬ 
tures.  The  difference  between  the  predicted  performance  in  the  two 
cases  has  been  found  to  be  negligibly  small.  Performance  of  the  Test 
Compressor  is  presented  in  this  Report  only  for  air-methane  mixture 
flow. 

Calculations  have  been  performed  for  air-methane  mixture  flow 
utilizing  (a)  the  one-dimensional  compressible  flow  approximation,  and 
(b)  the  three-dimensional  flow  UD-0300  Code. 

In  both  cases  the  gases  are  assumed  to  be  thoroughly  mixed  and  in 
thermodynamic  equilibrium.  Therefore  the  properties  of  the  mixture 
can  be  obtained  from  the  properties  of  the  components  of  the  mixture 
for  given  mixture  ratios. 

In  the  case  of  one-dimensional  flow  approximation,  the  compressor 
stage  characteristics  obtained  during  tests  with  air  are  assumed  to  be 
applicable  to  air-steam  and  air-methane  mixtures.  The  overall  per¬ 
formance  of  the  compressor  is  obtained  by  the  usual  method  of  stage-by- 
stage  calculation.  The  calculation  procedure  is  presented  in  Appendix 
6;  and  thermo-physical  properties  for  the  gases  are  given  in  Appendix 
11. 

The  procedure  for  calculations  utilizing  the  UD-0300  Code  is  given 
in  Appendix  5. 

3.2  Model  for  Air-Water  Droplet  Mixture  Flow  with  Small  Droplets 

Small  droplets,  by  definition,  belong  to  the  class  of  droplets 
that  move  with  negligibly  small  velocity  relative  to  the  gas  phase. 
Therefore,  small  droplets  absorb  part  of  the  work  input  in  a  compressor 
and  contribute  little  drag  loss.  On  the  other  hand,  small  droplets  are 
assumed  to  be  subjected  to  heat  and  mass  transfer  processes.  Finally, 
the  size  of  small  droplets  Is  adjusted  at  the  end  of  each  stage  based 
on  Weber  number  considerations. 


The  detailed  calculation  procedure  Is  given  In  Appendix  7. 

The  performance  calculation  Is  done  In  two  parts. 

(1)  The  pressure  and  temperature  ratios  are  calculated  In  a  stage 
treating  the  air  and  droplets  as  a  continuum  and  utilizing  the 
stage  characteristics  obtained  during  tests  with  air  flow. 

(2)  All  of  the  processes  associated  with  two  phase  flow  are  then 
taken  into  account  at  the  exit  of  the  stage.  Hence  the  "final" 
stage  outlet  conditions,  and  also  the  initial  conditions  into 
the  next  stage,  are  determined. 

The  calculations  are  based  on  one-dimensional  flow  approximation  and, 
therefore.can  be  performed  for  any  chosen  section  of  a  stage,  with 
small  thickness. 

3.2.1  Blockage  and  Work  Input 

The  presence  of  droplets  introduces  a  blockage  in  the  flow  so  that 
the  mass  flow  of  gaseous  phase  at  a  particular  value  of  flow  coefficient 
is  less  than  what  it  would  be  when  there  are  no  droplets.  The  gaseous 
phase  generally  consists  of  air  and  water  vapor,  depending  upon  the 
humidity  of  air. 

The  work  input  in  a  stage  has  to  be  apportioned  between  the  gaseous 
phase  and  the  droplets.  The  work  done  on  droplets  raises  the  tempera¬ 
ture  of  droplets  but  does  not  yield  any  change  in  pressure  since  the 
droplets  are  assumed  to  be  not  numerous  enough  to  affect  the  pressure 
field  through  random  motion. 

3.2.2  Mechanical  and  Aerodynamic  Interactions 

The  following  assumptions  regarding  the  mechanical  and  aerodynamic 
interactions  have  been  introduced  in  the  model  for  small  droplet  calcu¬ 
lation. 

(1)  The  droplets  impact  the  blade  surfaces  exposed  to  them  in 
their  direction  of  motion,  which  is  assumed  to  be  the  same 
as  that  of  the  gas  motion. 
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(?.)  An  arbitrary  number,  such  as  fifty  per  cent  of  the  impacting 
droplets,  rebound  from  the  surface.  The  rebound  droplets 
will  then  follow  the  gas  phase  path  in  the  blade  passage 
along  with  the  droplets  that  do  not  impact  any  surface. 

(3)  The  impact  and  rebound  of  the  water  droplet  do  not  change 
its  size. 

(4)  The  droplets  that  do  not  rebound  from  the  blade  surface 
suffer  centrifugal  force  action  and  become  displaced 
spanwise,  but  are  eventually  reingested  into  blade  wakes. 

(5)  The  droplet  size  of  reingested  water  Is  determined  by 
consideration  of  Weber  number  at  the  end  of  each  blade 
row.  It  is  assumed  that  a  droplet  on  reingestion  has 
zero  velocity  inmediately  at  blade  trailing  edge  and  its 
size  is  determined  based  on  the  critical  Weber  number. 

The  foregoing  assumptions  are  used  at  the  entrance  to  each  stage. 

3.2.3  Centrifugal  Force  Action 

The  centrifugal  force  acting  on  the  droplets  due  to  rotor  rotation 
leads  to  a  change  in  water  content  of  the  mixture  along  the  span  of  the 
blade.  In  particular,  one  is  interested  in  the  concentration  of  water 
at  the  tip  sections  of  blades  and  the  depletion  of  water  at  the  root 
sections.  More  generally,  the  spanwise  redistribution  of  water  is 
required.  It  may  be  recalled  that  the  calculations  based  on  one-dimen¬ 
sional  flow  approximation  apply  to  a  particular  section  of  the  stage 
(with  a  small  thickness).  The  tip  section  is  of  interest  from  several 
points  of  view. 

The  method  of  incorporating  centrifugal  action  into  the  model  is 
as  follows.  The  entire  blade  span  is  divided  into  a  certain  number  of 
sections,  one  of  which  is  the  tip  section  of  the  blade.  The  distance 
along  the  chord  between  the  entry  and  exit  section  of  the  blade  is  also 
divided  into  a  series  of  stations.  In  view  of  the  modeling  of  mechanical 
interaction  between  the  droplets  and  blades  in  terms  of  impact,  rebound 
and  reingestion  into  blade  wake,  it  is  assumed  that  centrifugal  action 
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in  the  case  of  small  droplets  applies  to  all  of  the  droplets  that  enter 
the  blade  passage.  Thus,  in  the  present  model,  centrifugal  action  is 
applied  both  to  droplets  impinging  on  the  blades  and  moving  over  the 
blade  surface  into  the  blade  wake,  as  well  as  to  the  droplets  moving  with 
the  gas  phase  in  the  blade  passage.  Centrifugal  action  is  then  imposed 
on  the  droplets  at  each  of  the  blade  sections,  radially  outwards  from 
the  hub  to  the  tip  and  along  the  chord  successively  from  the  entry  to 
the  exit  section  of  the  blade  row  under  consideration.  The  foregoing 
calculation  of  centrifugal  action  is  completely  separated  from  the  other 
parts  of  the  calculation.  It  is  undertaken  after  the  work  done  on  the 
gas  phase  and  liquid  phase  is  established.  Thus,  the  redistribution  of 
droplets  is  determined  after  the  pressure-rise  calculation,  only  at  the 
exit  plane  of  each  blade  row. 

3.2.4  Transport  Processes 

The  transport  processes  are  included  only  at  the  exit  plane  of  each 
blade  row.  In  other  words,  the  step  size  in  the  calculation  corresponds 
to  one  blade  row.  The  gas  phase  pressure  and  temperature  rise  and  the 
liquid  phase  temperature  rise  across  a  blade  row  under  consideration  are 
first  determined  without  taking  transport  processes  into  consideration. 
Then,  at  the  exit  plane  of  the  blade  row,  the  heat  and  mass  transfer  pro¬ 
cesses  are  calculated  locally  and  the  following  properties  are  established 
as  entry  conditions  to  the  next  blade  row. 

(1)  gas  phase  temperature; 

(2)  liquid  phase  temperature; 

(3)  heat  transfer  from  gas  phase  to  liquid  phase,  yielding  both  a 
reduction  in  gas  phase  temperature  and  an  increase  in  liquid 
phase  temperature;  and 

(4)  mass  transfer  from  liquid  phase  to  gas  phase,  yielding  the 
changes  in  both  droplets  size  and  gas  phase  mass  flow  rate.  In 
calculating  the  change  in  droplet  size  due  to  mass  transfer,  the 
nominal  diameter  of  all  of  the  droplets  is  reduced  as  required. 

The  major  steps  in  undertaking  calculation  of  phase  change  because 
of  the  equilibrating  mechanisms  occurring  during  changes  in  pressure  and 
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temperature  of  the  gas  phase  are  as  follows: 

(1)  Determination  of  gas  phase  pressure  and  temperature  and 
liquid  phase  temperature, 

(2)  Determination  of  time  available  for  equilibration  between 
gas  and  liquid  phases, 

(3)  Selection  of  a  model  for  the  equilibrating  process,  and 

(4)  Calculation  of  heat  and  mass  transfer  processes. 

Next,  consider  the  heating  of  droplets;  if  the  temperature 
attained  by  the  droplet  becomes  higher  than  the  local  boiling  point, 
a  phase  change  due  to  vaporization  of  the  droplet  takes  place  and  the 
temperature  of  gas  phase  drops  substantially  due  to  absorption  of  latent 
heat  by  the  droplet.  The  vaporization  of  droplets  is  a  rate  dependent 
process  and  several  characteristic  lengths  and  times  are  involved.  It 
is  assumed  in  the  present  calculation  that  the  drop  in  the  gas  phase 
temperature  of  droplets  exceeds  the  local  boiling  point.  The  major 
steps  in  undertaking  calculation  of  water  droplet  vaporization  are 
as  follows: 

(1)  Determination  of  gas  phase  and  water  droplet  temperature, 

(2)  Determination  of  time  which  is  available  for  transport 
processes, 

(3)  Calculation  of  heat  and  mass  transfer  processes,  and 

(4)  Selection  of  a  model  for  vaporization. 

3.2.5  Scheme  of  Calculation 

In  summary,  the  model  for  calculation  with  ingesti*"!  of  small 
droplets  is  based  on  the  following  scheme  of  calculation: 

(1)  The  gas  phase  pressure  and  temperature  rise  and  the  liquid 
phase  temperature  rise  are  calculated  across  a  blade  row  in 
a  single  step  for  given  initial  conditions  pertaining  to 
the  following: 

(a)  gas  phase  composition,  taking  account  of  initial 
humidity  of  air; 

(b)  gas  phase  pressure  and  temperature; 
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(c)  water  content  and  nominal  size  of  water  droplets; 
and 

(d)  rotor  rotational  speed. 

The  droplet  motion  allowing  for  impact,  rebound,  and  reingestion 
into  blade  wake  is  taken  into  account  in  readjusting  the  gas  phase  and 
liquid  phase  temperature,  and  in  establishing  the  mean  droplet  size  at 
the  exit  of  a  blade  row. 

(2)  The  redistribution  of  water  content  due  to  centrifugal  action 
is  calculated  at  the  exit  plane  of  the  blade  row  under 
consideration. 

(3)  The  nominal  size  of  the  droplets  is  adjusted  based  on  the 
Weber  number  at  the  exit  plane  of  the  blade  row  under 
consideration. 

(4)  The  heat  and  mass  transfer  processes  are  taken  into  account 
at  the  exit  plane  of  the  blade  row  under  consideration. 

The  foregoing  procedure  is  repeated  in  each  stage  of  the  compressor, 
after  determining  the  initial  conditions  for  that  stage,  in  order  to 
obtain  the  cumulative  performance  of  the  compressor. 


3.3  Model  for  Air-Water  Droplet  Mixture  Flow  with  Large  Droplets 

Large  droplets,  by  definition,  belong  to  the  class  of  droplets  that 
move  independently  of  the  gas  phase  with  respect  to  both  magnitude  and 
direction  of  velocity.  Therefore,  no  part  of  the  work  input  goes  direct 
ly  into  large  droplets  and,  furthermore,  losses  due  to  droplet  drag 
have  to  be  accounted  for.  Large  droplets  are  also  subjected  to  heat 
and  mass  transfer  processes.  Finally,  the  size  of  large  droplets  needs 
to  be  adjusted  at  the  end  of  each  stage,  based  on  Weber  number  considera 
tlons. 

The  detailed  calculation  procedure  is  described  in  Appendix  8. 

The  performance  calculation  is  done  in  two  parts. 

(1)  The  pressure  and  temperature  ratios  are  calculated  in  a  stage 
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for  air  utilizing  the  stage  characteristics  obtained  from 
experiments . 

(2)  All  of  the  two  phase  flow  processes  are  then  Incorporated 
at  the  exit  of  the  stage.  The  calculations  are  based  on 
one-dimensional  flow  approximation  and  therefore  can  be 
performed  for  any  chosen  section  of  a  stage,  with  small 
thickness. 

3.3.1  Blockage 

The  presence  of  droplets  introduces  a  blockage  in  the  flow  so  that 
the  mass  flow  of  gaseous  phase  at  a  particular  value  of  flow  coefficient 
is  less  than  what  it  would  be  when  there  are  no  droplets.  The  gaseous 
phase,  in  general,  contains  water  vapor. 

3.3.2  Mechanical  and  Aerodynamic  Interactions 

The  most  important  assumption  made  in  the  case  of  large  droplets  is 
that  they  move  with  equal  probability  in  all  directions.  However,  in 
order  to  obtain  a  working  model  for  large  droplet  motion,  the  model, 
shown  schemati'ally  in  Fig.  3.1.  is  used. 

A  location  upstream  of  the  first  stage  is  chosen  where  it  is 
assumed  that  the  droplets  have  the  same  velocity  in  magnitude  as  the  gas 
phase  but  have  equal  probability  of  motion  in  all  directions.  This  sec¬ 
tion,  for  example,  may  be  one-half  chord  upstream  of  the  first  blade  row. 
In  the  case  of  subsequent  stages,  this  type  of  reference  location  is 
taken  simply  midway  in  the  stage  spacing. 

Referring  to  Fig.  3.1,  at  the  point  of  consideration  on  the  refer¬ 
ence  section,  a  sector  of  extent  *  radians  is  chosen  normal  to  the  axial 
coordinate  direction.  The  droplets  moving  in  this  sector  are  divided 
Into  two  groups  with  reference  to  the  gas  flow  vector.  If  the  gas  flow 
vector  Is  Inclined  at  an  angle  3  with  respect  to  the  axial  direction, 
the  droplets  become  divided  Into  two  groups,  one  In  the  sector  of  extent 
6  and  the  other  In  the  sector  of  extent  (ir-e).  Then  the  droplets  In 
the  two  sectors  are  assumed  to  have  mean  directions  of  motion,  given  by 
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the  bisectrices  of  b  and  (tt-b)  angles.  The  mean  velocity  vector  of 
droplets  in  the  3-sector  is  associated  with  a  fraction  of  droplets  equal 
to  (B/ir)  of  the  total  in  the  *  radians  sector  and  the  other  mean  velocity 
vector  is  associated  with  a  fraction  of  droplets  equal  to  [(ir-B)/rrD  of 
the  total.  Thus,  the  number  of  droplets  moving  with  a  mean  vector  direc¬ 
tion  inclined  at  an  angle  (3/2)  to  the  gas  phase  velocity  vector,  per 
unit  extent  of  the  blade  (along  its  span),  is  given  by  (NBS/ir),  where 
N  is  the  number  of  droplets  per  unit  normal  projected  area  at  Inlet 
and  S  is  the  gap  between  blades.  Similarly,  the  number  of  droplets 
moving  with  a  mean  vector  direction  Inclined  at  an  angle  C(ir-3)/2l]  to 
the  gas  phase  velocity  vector,  per  unit  extent  of  the  blade  (along  its 
span)  is  given  by  [N(ir-B)SU  /it  .  Thus  the  total  number  of  droplets 
approaching  a  blade  are  divided  Into  two  groups;  and  each  group  is 
associated  with  a  mean  velocity  vector  oriented  with  reference  to  the 
gas  phase  velocity  vector. 

A  similar  model  is  adopted  at  the  entry  to  each  stage  of  the 
compressor,  utilizing  the  mid-section  in  the  preceding  inter-stage  space 
as  the  reference  section. 

Once  the  number  and  direction  of  the  two  subclasses  of  droplets  is 
determined,  the  following  assumptions  are  made  regarding  the  Impact, 
rebound  and  reingestion  processes. 

(1)  The  droplets  impact  the  blade  surfaces  exposed  to  them  in 
the  two  directions  of  motion  determined. 

(2)  An  arbitrary  number,  such  as  fifty  per  cent  of  the  impacting 
droplets,  rebound  from  the  surface.  The  rebound  droplets  have 
arbitrary  directions  but  the  same  relative  velocity  with  gas 
phase,  in  magnitude,  as  on  impact. 

(3)  The  impact  and  rebound  of  the  water  droplets  do  not  change 
their  size. 

(4)  The  droplets  that  do  not  rebound  from  the  blade  surface  suffer 
centrifugal  force  action  and  become  displaced  spanwise,  but  are 
eventually  reingested  into  blade  wakes. 

(5)  The  droplet  size  of  reingested  water  is  determined  by  consider- 
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ation  of  Weber  number  at  the  end  of  each  blade  row.  It  is 
assumed  that  a  droplet,  on  reingestion,  has  zero  velocity 
immediately  at  blade  trailing  edge  and  its  size  is  deter¬ 
mined  on  the  basis  of  critical  Weber  number. 

These  assumptions  are  used  at  the  entrance  to  each  stage.  They  may  be 
compared  with  the  assumptions  employed  for  the  case  of  small  droplets 
in  Section  3.2.2. 

3.3.3  Droplet  Drag 

In  the  case  of  large  droplets,  it  is  necessary  to  Include  droplet 
drag  based  on  the  relative  velocity  between  gas  phase  velocity  and  drop¬ 
let.  The  pressure  loss  due  to  droplet  drag  is  introduced  at  a  stage 
exit  after  the  stage  pressure  ratio  is  calculated  for  the  gas  phase 
based  on  stage  characteristics. 

3.3.4  Centrifugal  Force  Action 

The  method  of  calculating  spanwise  redistribution  of  droplets  due 
to  centrifugal  force  action  in  the  case  of  large  droplets  is  the  same 
as  that  described  in  Section  3.2.3  for  the  case  of  small  droplets. 

It  may  be  noted  that,  because  of  the  assumption  that  large  drop¬ 
lets  have  a  motion  independent  of  gas  phase  motion,  the  gas  phase  whirl 
in  the  blade  passages  has  little  influence  on  droplet  motion.  Thus,  the 
only  large  droplets  assumed  to  suffer  centrifugal  force  action  are  those 
that  remain  (without  rebounding)  on  blade  surfaces. 

3.3.5  Transport  Processes 

The  heat  and  mass  transfer  effects  are  taken  into  account,  at  the 
exit  of  a  stage,  in  the  case  of  large  droplets  on  the  same  basis  as 
described  In  Section  3.2.4  for  the  case  of  small  droplets. 

3.3.6  Scheme  of  Calculation 

In  summary,  the  model  for  calculation  with  ingestion  of  large  drop- 
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lets  Is  based  on  the  following  scheme  of  calculation. 

(1)  The  gas  phase  pressure  and  temperature  rise  across  a 
stage  are  calculated  In  a  single  step  for  given  Initial 
conditions  pertaining  to  the  following: 

(a)  gas  phase  composition,  taking  Into  account  the 
initial  humidity  of  air; 

(b)  gas  phase  pressure  and  temperature  at  entry; 

(c)  blockage  Introduced  by  the  presence  of  large 
droplets;  and 

(d)  rotor  rotational  speed. 

The  motion  of  droplets  Is  considered  In  terms  of  two  subclasses 
with  mean  velocities  for  each.  Impact,  rebound  and  reingestion  pro¬ 
cesses  are  then  taken  Into  account  In  readjusting  the  gas  phase  and 
liquid  phase  temperature,  and  In  establishing  the  mean  droplet  sl2e  at 
the  exit  of  a  blade  row. 

(2)  The  redistribution  of  water  content  due  to  centrifugal  action 

Is  calculated  at  the  exit  plane  of  the  blade  row  under  consider¬ 
ation. 

(3)  The  nominal  size  of  the  droplets  Is  adjusted  based  on  Weber 
number  at  the  exit  plane  of  the  blade  row  under  consideration. 

(4)  The  heat  and  mass  transfer  processes  are  taken  into  account 
at  the  exit  plane  of  the  blade  row  under  consideration. 

The  foregoing  procedure  is  repeated  in  each  stage  of  the  compressor, 
after  determining  the  Initial  conditions  for  that  stage,  in  order  to 
obtain  the  cumulative  performance  of  the  compressor. 

The  detailed  calculation  procedure  is  presented  In  Appendix  8. 


3.4  Model  for  Air-Water  Droplet  Mixture  Flow  with  Instantaneous 
Evaporation  of  Water 

When  water  droplets  evaporate  at  a  certain  station  In  the  compressor 


It  leads  to  the  following:  (1)  reduction  In  the  temperature  of  gas 
phase.  (11)  change  In  the  composition  and  properties  of  the  flowing 
medium,  (111)  change  In  the  operating  points  of  the  stages  following 
the  position  where  the  water  evaporates. 

As  an  Illustration  the  following  case  may  be  considered:  air-water 
mixture  enters  the  Test  Compressor  under  a  set  of  Initial  conditions  such 
that  under  certain  operating  conditions,  the  water  undergoes  evaporation 
between  the  third  and  the  fourth  stage.  The  performance  of  the  compress¬ 
or  becomes  affected  in  the  first  three  stages  due  to  the  presence  of 
water  Ingested  with  air.  It  is  clear  that  the  performance  of  stages  4, 

5,  and  6  are  affected  because  of  the  evaporation  which  leads  to  a  reduc¬ 
tion  In  gas  phase  temperature  and  addition  of  water  vapor  Into  gas  phase. 
A  performance  change  occurs  In  each  of  those  stages  in  the  corrected 
speed,  mass  flow,  pressure  ratio,  and  efficiency,  which  make  up  the 
stage  operating  point.  Thus  the  overall  performance  of  the  compressor 
also  undergoes  a  change. 

As  a  derivative  case  of  the  foregoing,  one  may  consider  a  simpler 
case:  water  at  its  boiling  point  corresponding  to  the  pressure  at  entry 
to  a  certain  stage  Is  Injected  at  that  stage  and  undergoes  immediate 
and  total  change  of  phase.  In  this  case,  if  for  example,  water  at  boil¬ 
ing  point  is  Injected  at  stage  4,  stages  1,  2,  and  3  operate  with  air 
and  stages  4,  5,  and  6  operate  with  air-water  vapor  mixture,  the  gas 
phase  undergoing  a  sudden  Increase  In  mass  flow  and  a  sudden  decrease  In 
temperature,  both  of  them  due  to  evaporation  of  water. 

Calculations  of  Test  Compressor  performance  have  been  performed  In 
both  of  the  foregoing  cases.  The  detailed  calculation  procedures  are 
presented  In  Appendices  9  and  10. 
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CHAPTER  IV 

ANALYTICAL  RESULTS  FOR  TEST  AXIAL  FLOW  COMPRESSOR 


The  performance  of  the  Test  Compressor  has  been  calculated  under 
the  assumptions  of  models  described  In  Chapter  III. 

The  performance  calculations  have  been  carried  out  In  all  of  the 
cases  only  at  the  tip  section  of  the  Test  Compressor.  The  tip  radius 
Is  constant  In  this  configuration  and,  therefore,  one-dimensional  flow 
calculations  may  be  applied  with  some  confidence  at  that  section. 
Furthermore,  experimental  data  obtained  in  the  vicinity  of  the  com¬ 
pressor  tip  section  are  probably  the  most  reliable  In  a  small  compres¬ 
sor  such  as  the  present  Test  Compressor.  Finally,  the  tip  section  has 
the  largest  amount  of  water  due  to  centrifuging. 

All  of  the  performance  calculations  have  been  carried  out  utilizing 
the  one-dimensional  flow  approximation.  In  the  case  of  air-methane 
mixture  flow  the  UD-0300  code  (three-dimensional  flow)  has  also  been 
utilized  to  calculate  the  Test  Compressor  performance  at  selected 
conditions  of  operation. 

The  results  of  performance  calculation*  ar -  sented  as  follows: 

(1)  Predicted  performance  with  air-methane  mixture:  Section  4.1. 

(2)  Predicted  performance  with  air-water  droplet  mixture  under 
the  assumption  that  the  droplets  are  "small":  Section  4.2. 

(3)  Predicted  performance  with  air-water  droplet  mixture  under 
the  assumption  that  the  droplets  are  "large":  Section  4.3. 

(4)  Predicted  performance  with  sudden  drop  In  temperature  at  a 
chosen  stage  of  the  compressor  due  to  absorption  of  latent 
heat  for  evaporation  of  water  Injected  at  boiling  temperature 
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at  that  stage:  Section  4.4. 

This  calculation  illustrates  the  change  in  com¬ 
pressor  performance  due  to  reduction  In  tempera¬ 
ture  of  gas  phase  at  a  particular  stage  in  the 
Test  Compressor. 

(5)  Predicted  performance  with  air-water  droplet  ("small  drop¬ 
lets  ")mixture  flow  at  a  sufficiently  high  inlet  temperature 
such  that  evaporation  of  water  droplets  can  occur  within  the 
compressor:  Section  4.5. 

This  calculation  takes  into  account  (a)  the  absorp¬ 
tion  of  angular  momentum  by  droplets  and  the  result¬ 
ing  heating  of  droplets,  (b)  the  heating  of  droplets 
due  to  heat  transfer  between  the  two  phases  and  (c) 
evaporation  of  water  wherever  the  conditions  are 
appropriate. 

4.1  Predicted  Performance  with  Air-Methane  Mixture 

The  predicted  results  for  air-methane  mixture  are  presented 
in  Figs.  4.1.1  to  4.1.5.  The  calculation  has  been  performed  at 
100  per  cent  of  the  design  corrected  speed.  The  methane  contents 
investigated  are  0.0,  0.02,  0.05,  and  0.10,  where  the  definition  of 
methane  content  is  as  follows: 


methane  content  * 


mass  of  methane 
mass  of  mixture 


Based  on  unit  volume  of  mixture,  the  inlet  conditions  are  taken  as 

T  =  80  °F  (27  °C)  and  P  =14.7  psl  (1.0132  x  105  N/fr2). 

01  01 

The  predicted  results  are  presented  as  follows: 

Fig.  4.1.1:  effect  of  methane  content  on  overall  total 
pressure  ratio; 

Fig.  4.1.2:  effect  of  methane  content  on  overall  total 
temperature  ratio; 

Fig.  4.1.3:  effect  of  methane  content  on  overall  adiabatic 
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efficiency; 


l 


( 


Fig.  4.1.4:  effect  of  methane  content  on  stage  total 
pressure  ratio  (stages  1,2?3);  and 

Fig.  4.1.5:  effect  of  methane  content  on  stage  total 
pressure  ratio  (stages  4,5,6). 

Each  of  the  foregoing  calculations  has  been  performed  utilizing 
the  one-dimensional  flow  approximation.  In  the  case  of  flow  of  a  mix¬ 
ture  of  gases,  namely  the  air-methane  mixture,  calculations  have  also  been 
performed  as  stated  earlier  utilizing  the  modified  UD-0300  program.  The 
results  of  such  three-dimensional  flow  calculations  for  selected  Inlet 
conditions  (Table  4.1.1)  are  shown  In  Fig.  4.1.1  along  with  the  pre¬ 
dictions  based  on  one-dimensional  flow  approximation.  These  calcula¬ 
tions  serve  to  Illustrate  the  applicability  of  the  modified  UD-0300 
program  and  to  compare  the  predictions  based  on  the  two  sets  of 
approximations.  More  extensive  three-dimensional  flow  calculations  have 
not  been  performed  in  view  of  the  large  costs  for  exercising  the 
UD-0300  code. 

From  Figs.  4.1.1  to  4.1.5,  the  following  observations  can  be  made 
for  air-methane  mixture  flow. 

(1)  For  a  constant  Initial  flow  coefficient,  overall  total 
pressure  ratio  decreases  as  methane  content  Increases. 

(2)  For  a  constant  Initial  flow  coefficient,  corrected  mass  flow 
rate  decreases  as  methane  content  Increases. 

(3)  For  a  constant  Initial  flow  coefficient,  overall  total 
temperature  ratio  decreases  as  methane  content  Increases. 

(4)  For  a  constant  Initial  flow  coefficient,  there  Is  little 
change  In  overall  adiabatic  efficiency  as  methane  content 
Increases. 

(5)  The  stage  characteristics  of  Test  Compressor  are  such  that 
the  first  two  stages  seem  to  fall  generally  Into  one  category 
and  the  latter  four  stages  Into  a  second  category.  Also,  it 
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TABLE  4.1.1 


CALCULATION  CONDITIONS  FOR  UD-0300  PROGRAM  CODE 


Inlet 

Rotor 

Mixture  Mass 

Methane 

Corrected 

Corrected  Mass 

Temp. 

Speed 

Flow  Rate 

Content 

Speed 

Flow  Rate 

Case  T 

N 

m 

X 

N 

m/e 

01 

/e 

6 

C°F]C°C] 

CRPM3 

l-l 

[RPM] 

cif]  c|aa 

1 

58.7  15.2 

51120 

3.13 

1.36 

0.00 

51120 

3.13 

1.36 

2 

58.7  15.2 

51120 

3.00 

1.30 

0.05 

51120 

3.00 

1.30 

3 

80.0  27.0 

52143 

3.10 

1.35 

0.00 

51120 

3.16 

1.38 

4 

80.0  27.0 

52143 

3.02 

1.32 

0.02 

51120 

3.08 

1.34 

5 

80.0  27.0 

52143 

3.00 

1.30 

0.05 

51120 

3.06 

1.33 

6 

80.0  27.0 

52143 

2.84 

1.24 

0.10 

51120 

2.90 

1.26 
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Is  observed  that  the  fourth  stage  characteristic  seems  to 
be  most  sensitive  to  addition  of  methane. 

(6)  The  effect  of  methane  content  is  much  more  severe  at  high 
mass  flow  rates. 

(7)  The  results  obtained  by  utilizing  one-dimensional  approxi 
mation  calculation  agree  reasonably  well  with  those  based 
on  three-dimensional  UD-0300  code. 


Predicted  Performance  with  Small  Droplets 


The  predicted  results  for  the  case  of  air-water  droplet  mixture 
flow  with  small  droplets  are  presented  in  Figs.  4.2.1  to  4.2.30.  In 
each  of  the  figures,  the  gas  phase  corrected  mass  flow  rate  is  defined 
as  follows: 

gas  phase  corrected  flow  rate  * 

where  mg  is  gas  phase  mass  flow  rate  in  lbm/sec  or  kg/sec,  eg,  the 
gas  phase  corrected  inlet  temperature  (eg  *  T  ^  g/Tref)»  and  4,  the 
corrected  inlet  total  pressure  (6  *  P  /Pref)»  with  Tref  *  58.7  °F 
(15.2  °C),  and  Pfef  =  14.7  psi  (I.OH^x  10*  N/m2).  The  definition 
of  the  Initial  water  content  is  as  follows: 


initial  water  content 


mass  of  water  droplets  at  compressor  inlet 
mass  of  mixture  * 


based  on  unit  volume  of  mixture. 


The  air-water  mixture  Is  assumed  to  be  saturated  with  water  vapor 
at  the  local  condition  of  the  compressor  inlet.  The  Initial  droplet 
diameter  Is  assumed  to  be  20  ym.  The  water  Is  redistributed  in  the 
compressor  due  to  the  centrifugal  forces  acting  on  water  droplets. 

The  droplet  diameter  and  vapor  content  vary  in  the  compressor  due  to 
the  mass  transfer  and  evaporation. 

Table  4.2.1  shows  the  selected  conditions  for  small  droplet  calcula¬ 
tion.  In  each  case,  four  values  of  Initial  water  content  -  0.00,  0.025, 
0.05,  and  0.15  -  are  considered.  The  results  are  presented  In  the 
following  manner  for  each  set  of  values  of  the  following  parameters: 


65 


TABLE  4.2.1 


CALCULATION  CONDITIONS  FOR  SMALL  DROPLETS  (20  wm) 


Case 

Compressor  Inlet 
Temperature 

T 

01 

Rotor  Rotational 

Speed 

— /f— 1* 

/e  /e 

1 

68.0  °F  (20.0  °C) 

1.00 

2 

68.0  °F  (20.0  °C) 

0.90 

3 

68.0  °F  (20.0  °C) 

0.80 

4 

104.0  °F  (40.0  °C) 

1.00 

5 

104.0  °F  (40.0  °C) 

0.90 

6 

104.0  °F  (40.0  °C) 

0.80 

=  51120;  Design  Corrected  Speed  (RPM) 
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operational  speed,  initial  temperature  and  water  content. 

(1)  overall  total  pressure  ratio,  P02/P01,  vs*  9«  Phase 
corrected  mass  flow  rate  (m/e/6)g  ; 

(11)  overall  adiabatic  efficiency,  n  .  vs.  gas  phase  corrected 
mass  flow  rate, (m/0/6 )g  ; 

(111)  overall  temperature  rise  of  gas  phase,  ATg,  and  of  water 

droplet,  AT  ,  vs.  gas  phase  corrected  mass  flow  rate,  (m/e/6) 
w  g 

(1v)  temperature  of  gas  phase,  Tg,  and  water  droplet,  T^, 
vs.  compressor  stage  number;  and 

(v)  water  content  at  blade  tip  section,  x  vs.  compressor 

"I  wlp 

stage  number. 

In  summary,  the  predicted  performance  parameters  are  presented 
in  Figs.  4.2.1  to  4.2.30  as  shown  in  Table  4.2.2. 

From  Figs.  4.2.1  to  4.2.30,  the  following  observations  can  be 
made  for  the  case  of  small  droplet  ingestion. 

(1)  For  a  constant  initial  flow  coefficient,  overall  total  press¬ 
ure  ratio  decreases  as  initial  water  content  increases.  The 
amount  of  reduction  is  more  severe  for  higher  values  of 
initial  flow  coefficient. 

(2)  For  a  constant  corrected  speed,  when  initial  flow  coefficient 
is  high,  overall  adiabatic  efficiency  decreases  as  initial 
water  content  increases.  This  trend  reverses  when  initial 
flow  coefficient  is  low  for  the  same  corrected  speed. 

(3)  For  a  constant  inltal  flow  coefficient,  overall  temperature 
rises  of  both  gas  phase  and  water  droplet  decrease  as 
initial  water  content  increases.  The  amount  of  reduction  is 
more  severe  for  higher  initial  flow  coefficient. 

(4)  At  the  outlet  of  the  compressor,  temperature  of  droplets  is 
far  below  that  of  gas  phase,  although  water  droplet  tempera¬ 
ture  increases  due  to  (1)  absorption  of  angular  momentum,  and 
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TABLE  4.2.2 


PREDICTED  PERFORMANCE  PARAMETER  FOR  SMALL  DROPLETS  (20  ym) 


Compressor  Inlet 
Temperature 

Performance 

Parameter 

Rotor 

100  * 

Rotational 

90* 

Speed 

80* 

68.0 

°F 

(20.0 

°C) 

P  /P 

02  01 

Fig. 

4.2.1 

Fig. 

4.2.6 

Fig. 

4.2.11 

68.0 

°F 

(20.0 

°C) 

n 

Fig. 

4.2.2 

Fig. 

4.2.7 

Fig. 

4.2.12 

68.0 

°F 

(20.0 

°C) 

ATg  and  aTw 

Fig. 

4.2.3 

Fig. 

4.2.8 

Fig. 

4.2.13 

68.0 

°F 

(20.0 

°C) 

T  and  T 
g  w 

Fig. 

4.2.4 

Fig. 

4.2.9 

Fig. 

4.2.14 

68.0 

°F 

(20.0 

°C) 

xw,t1p 

Fig. 

4.2.5 

Fig. 

4.2.10 

Fig. 

4.2.15 

104.0 

°F 

(40.0 

°C) 

P  /P 

02  01 

Fig. 

4.2.16 

Fig. 

4.2.21 

Fig. 

4.2.26 

104.0 

°F 

(40.0 

°C) 

n 

Fig. 

4.2.17 

Fig. 

4.2.22 

Fig. 

4.2.27 

104.0 

°F 

(40.0 

°C) 

ATg  and  ATW 

Fig. 

4.2.18 

Fig. 

4.2.23 

Fig. 

4.2.28 

104.0 

°F 

(40.0 

°C) 

T  and  T 
g  w 

Fig. 

4.2.19 

Fig. 

4.2.24 

Fig. 

4.2.29 

104.0 

°F 

(40.0 

°C) 

xw,t1p 

Fig. 

4.2.20 

Fig. 

4.2.25 

Fig. 

4.2.30 

Note:  (a)  The  water  content  Is  utilized  as  a  parameter. 

(b)  Figs.  4. 2. 1-5,  4.2.6-10,  4.2.11-15,  etc.  relate  to  the 
six  cases  shown  in  Table  4.2.1. 
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(11)  heat  transfer  from  gas  phase. 

(5)  Water  content  at  tip  Increases  substantially  due  to  the 
centrifugal  force  acting  on  water  droplets. 

(6)  Effect  of  small  water  droplet  Ingestion  on  compressor  per¬ 
formance  is  more  severe  at  high  speeds  and  high  mass  flow 
rates  than  it  is  at  low  speeds  and  low  flow  rates. 

In  examining  the  foregoing,  it  should  be  noted  that  at  a  given 
flow  coefficient  the  gas  phase  corrected  mass  flow  rate  decreases  as 
the  initial  water  content  is  increased.  All  of  the  performance  pre¬ 
dictions  have  been  shown  with  reference  to  the  inlet  gas  phase  mass 
flow  rate. 


4.3  Performance  Prediction  with  Large  Droplets 

The  predicted  results  for  the  case  of  large  droplet  ingestion  are 
presented  in  Figs.  4.3.1  to  4.3.30.  In  each  of  the  figures,  the 
definitions  of  gas  phase  corrected  mass  flow  rate  and  initial  water 
content  are  the  same  as  those  In  the  case  of  small  droplets.  The 
initial  diameter  of  a  large  droplet  is  assumed  to  be  600  um. 

The  six  cases  investigated  are  shown  in  Table  4.3.1.  In  each  case, 
four  values  of  inital  water  content  -  0.00,  0.025,  0.05,  and  0.95  -  are 
considered.  The  mixture  is  assumed  to  be  saturated  with  water  vapor  at 
the  local  condition  of  the  compressor  inlet.  The  results  of  calcula¬ 
tions  are  presented  in  the  following  manner: 

(1)  overall  total  pressure,  P02/P01  »  vs*  9as  phase  corrected 
mass  flow  rate,  (m/e/6 )g  ; 

(11)  overall  adiabatic  efficiency,  n  »  vs.  gas  phase  corrected 
mass  flow  rate,  (m/e"“/6)g; 

(111)  overall  temperature  rise  of  gas  phase,  ATg  ,  and  water 
droplet,  aTw  ,  vs.  gas  phase  corrected  mass  flow  rate, 

(m/e/6 )g  ; 
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Table  4.3.1 


CALCULATION  CONDITIONS  FOR  LARGE  DROPLETS  (600  ym) 


Case 


Compressor  Inlet 
Temperature 

T 

01 


Rotor  Rotational 
Speed 


1 

68.0  °F  (20.0  °C) 

1.00 

2 

68.0  °F  (20.0  °C) 

0.90 

3 

68.0  °F  (20.0  °C) 

0.80 

4 

104.0  °F  (40.0  °C) 

1.00 

5 

104.0  °F  (40.0  °C) 

0.90 

6 

104.0  °F  (40.0  °C) 

0.80 

N  ★ 

Note:  (-p)  = 

51120;  Design  Corrected  Speed  (RPM) 
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(iv)  temperature  of  gas  phase,  Tg,  and  water  droplet,  Tw, 
vs.  compressor  stage  number; 

(v)  water  content  at  blade  tip  sections,  x  . .  ,  vs.  com- 

W  9  wl  p 

pressor  stage  number. 

In  summary,  the  predicted  performance  parameters  are  presented  in 
Figs.  4.3.1  to  4.3.30  as  shown  in  Table  4.3.2. 

From  Figs.  4.3.1  to  4.3.30,  the  following  observations  can  be 
made  for  large  droplet  ingestion: 

(1)  For  a  constant  initial  flow  coefficient,  there  is  little 
change  in  overall  total  pressure  ratio  as  initial  water 
content  increases. 

(2)  For  a  constant  initial  flow  coefficient,  there  is  little 
change  in  overall  adiabatic  efficiency  as  initial  water 
content  increases. 

(3)  For  a  constant  initial  flow  coefficient,  there  is  little 
change  in  overall  temperature  rise  of  both  gas  phase  and 
droplet  as  initial  water  content  increases. 

(4)  At  the  outlet  of  the  compressor,  the  temperature  of  drop¬ 
lets  is  far  below  that  of  the  gas  phase.  The  temperature 
of  droplets  changes  very  little,  although  droplets  receive 
heat  from  the  gas  phase. 

(5)  Water  content  at  the  tip  increases  due  to  centrifugal  force 
acting  on  droplets.  The  amount  of  increase  is  small  compared 
to  that  obtained  with  small  droplet  ingestion. 

(6)  Effect  of  large  water  droplet  ingestion  on  compressor  per¬ 
formance  is  more  severe  at  higher  speeds  and  higher  mass  flow 
rates. 

In  examining  the  foregoing,  the  following  should  be  noted: 

(1)  At  a  given  flow  coefficient,  the  gas  phase  corrected  mass 
flow  rate  decreases  as  the  initial  water  content  increases. 

(2)  Large  droplets  do  not  absorb  work  input,  by  assumption. 


TABLE  4.3.2 

PREDICTED  PERFORMANCE  PARAMETERS  FOR  LARGE  DROPLETS  (600  um) 


Compressor  Inlet 
Temperature 

Performance 

Parameter 

Rotor 

100% 

Rotational 

90% 

Speed 

80% 

68.0 

°F 

(20.0 

°C) 

P  /P 

02  01 

Fig. 

4.3.1 

Fig. 

4.3. 

6 

Fig. 

4.3. 

11 

68.0 

°F 

(20.0 

°C) 

n 

Fig. 

4.3.2 

Fig. 

4.3. 

7 

Fig. 

4.3. 

12 

68.0 

°F 

(20.0 

°C) 

ATg  and  aTw 

4.3.3 

Fig. 

4.3. 

8 

Fig. 

4.3. 

13 

68.0 

°F 

(20.0 

°C) 

T  and  T 
g  w 

Fig. 

4.3.4 

Fig. 

4.3. 

9 

Fig. 

4.3. 

14 

68.0 

°F 

(20.0 

°C) 

Vtip 

Fig. 

4.3.5 

Fig. 

4.3. 

10 

Fig. 

4.3. 

15 

104.0 

°F 

(40.0 

°C) 

P  /P 

02  01 

Fig. 

4.3.16 

Fig. 

4.3. 

21 

Fig. 

4.3. 

26 

104.0 

°F 

(40.0 

°C) 

n 

Fig. 

4.3.17 

Fig. 

4.3. 

22 

Fig. 

4.3. 

27 

104.0 

°F 

(40.0 

°C) 

aT  and  aT 
g  w 

Fig. 

4.3.18 

Fig. 

4.3. 

23 

Fig. 

4.3. 

28 

104.0 

°F 

(40.0 

°C) 

T  and  t 
g  w 

Fig. 

4.3.19 

Fig. 

4.3. 

24 

Fig. 

4.3. 

29 

104.0 

°F 

(40.0 

°C) 

xw»tip 

Fig. 

4.3.20 

Fig. 

4.3. 

25 

Fig. 

4.3. 

30 

(3)  Only  droplets  that  Impact  the  blades  and  form  a  film  on 
them  undergo  centrifuging,  by  assumption. 

4.4  Performance  Prediction  with  Local  Injection  and  Instantaneous 

Evaporation  of  Water 

The  results  of  calculation  for  the  case  of  air-water  droplet  mix¬ 
ture  flow,  with  instantaneous  evaporation  of  water  upon  entry  Into  the 
compressor,  are  presented  in  Figs.  4.4.1  to  4.424-.  The  various  con¬ 
ditions  under  which  the  calculations  have  been  performed  are  shown  in 
Table  4.4.1.  In  all  cases  the  amount  of  water  undergoing  evaporation 
is  taken  as  2.5  per  cent  of  the  air  flow  rate.  There  is  no  special  sig¬ 
nificance  for  the  choice  of  2.5  per  cent  as  the  amount  of  water  undergo¬ 
ing  evaporation  at  any  selected  location.  The  method  of  calculation 
adopted  Is  given  in  Appendix  9. 

In  each  case,  the  results  of  calculations  are  presented  in  the 
following  manner: 

(i)  Overall  total  pressure  ratio,  P  /P  ,  vs.  corrected  mass  flow 
.  _  02  01 
rate,  m/e/6  . 

(11)  Overall  adiabatic  efficiency,  n  ,  vs.  corrected  mass  flow  rate, 
m/e/6  . 

(iii)  Changes  in  individual  stage  characteristics  when  evaporation 
occurs  at  the  designated  stage  inlet. 

(1v)  Total  temperature  vs.  compressor  stages. 

In  (Iii),  the  performance  of  any  stage  is  denoted  by  two  numbers,  X  and 
Y,  written  as  X/Y.  The  number  of  the  stage  under  consideration  is 
denoted  by  X  and  the  number  of  the  stage  at  which  evaporation  of  water 
and  the  consequent  reduction  in  gas  phase  temperature  occur  is  denoted 
by  Y.  The  case  of  just  air  flow,  without  injection  of  any  water  into 
the  compressor,  is  denoted  by  writing  Y=0.  Thus  5/0  indicates  the  per¬ 
formance  of  the  5th  stage  with  air  flow  only,  and  5/4  indicates  the  per¬ 
formance  of  the  5th  stage  with  water  injection  and  instantaneous  evapora 
tion  occurring  in  the  4th  stage.  Similarly  4/4  indicates  the  performance 
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TABLE  4.4.1 


CALCULATION  CONDITIONS  FOR  LOCAL  INJECTION 
AND  INSTANTANEOUS  EVAPORATION  OF  WATER 


Case 

Inlet  Temperature 

T 

01 

Rotational  Speed 

N  A  N  |* 

/r  yr 

1 

193,4°F  (90.0  °C) 

1.00 

2 

1 93. 4°F  (90.0  *C) 

0.90 

3 

193.4°F  (90.0  °C) 

0.80 

4 

157U°F  (20.0  °C) 

1.00 

5 

157;4°F  (20.0  °C) 

0.90 

6 

157*4°F  (20.0  0C) 

0.80 

N  1* 

Note:  -  =  51120;  Design  corrected  speed 

XT 
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of  the  4th  stage  with  evaporation  occuring  at  entry  to  the  4th  stage 
and  6/4  Indicates  the  performance  of  the  6th  stage  with  evaporation 
occuring  at  entry  to  the  4th  stage. 

It  should  be  pointed  out  here  that  this  part  of  the  investigation 
pertains  entirely  to  the  effect  of  evaporation  of  water,  leading  to  a 
reduction  In  temperature  of  the  fluid  locally,  an  exchange  of  mass 
between  the  liquid  and  the  vapor  phases  and  consequent  change  in  the 
molecular  weight  and  specific  heat  ratio  of  the  gas  phase  In  the  com¬ 
pressor.  Thus,  none  of  the  effects  associated  with  the  presence  of 
droplets  of  water  have  been  Included  here. 

From  Figs.  4.4.1  to  4.4.24  the  following  observation  can  be 
made;  the  evaporation  of  water  droplet  and  the  consequent  reduction  in 
gas  phase  temperature  in  the  compressor  improve  the  overall  total  pres¬ 
sure  ratio  but  reduce  the  overall  adiabatic  efficiency.  The  magnitude 
of  changes  depends  upon  the  inlet  temperature,  the  operational  speed 
and  the  stage  at  which  evaporation  takes  place. 


4.5  Predicted  Performance  based  upon  Air-Water  Droplet  Mixture  Flow  with 

Evaporation 

The  results  of  calculations  performed  at  sufficiently  high  inlet 
temperatures  such  that  water  droplets  undergo  evaporation  In  the  com¬ 
pressor  are  presented  In  Figs.  4.5.1  to  4.5.20.  The  various  conditions 
under  which  calculations  have  been  performed  are  shown  in  Table  4.5.1. 

It  is  assumed  in  all  cases  that  the  droplets  belong  to  the  category  of 
small  droplets.  Thus  the  assumptions  and  the  general  calculation  pro¬ 
cedure  are  the  same  as  those  discussed  In  Section  4.4.2  for  small  drop¬ 
lets.  In  the  earlier  calculations  discussed  in  Section  4.4.2,  the  inlet 
temperature  has  been  assumed  to  be  small  so  that  no  evaporation  could 
occur.  But  now,  the  temperature  has  been  taken  to  be  high  enough  for 
evaporation  to  occur. 

One  Important  consideration  when  the  inlet  temperature  is  high  as 
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TABLE  4.5.1 

CALCULATION  CONDITIONS 

FOR  AIR-WATER  DROPLET  MIXTURE  FLOW  WITH  EVAPORATION 


Rotational  Compressor  Initial  Initial 


Case 

Speed  Inlet  Water 

*  Temperature  Content 

Vapor 

Content 

Figures 

JU 

sr 

[  N  1 

k 

T 

01 

xw,o 

Xv,o 

1 

1.00 

193.4°F(90.0°C) 

0.025 

0.025 

Fig.  4.5.1  to  4.5.5 

2 

1.00 

193.4°F(90.0°C) 

0.025 

0.43 

Fig.  4.5.6  to  4.5.10 

3 

1.00 

193.4®F(90.0°C) 

0.025 

0.55+ 

Fig.  4.5.11  to  4.5.15 

4 

1.00 

193.4°F(90.0°C) 

0.025 

0.43+ 

Fig.  4.5.16  to  4.5.20 

aturated  at  compressor  inlet. 
I  a*  _  _  . 
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in  the  current  calculations  is  the  degree  of  saturation  of  air.  It  is 
therefore  a  variable  in  the  present  calculations.  The  method  of  cal¬ 
culation  adopted  is  described  in  Appendix  10. 

The  calculated  results  are  presented  in  the  following  manner: 

(i)  Overall  total  pressure  ratio,  P02/P01  .  vs.  gas  phase 
corrected  mass  flow  rate,  (m/e/<$)g. 

(ii)  Overall  adiabatic  efficiency,  n  .  vs.  gas  phase  corrected 
mass  flow  rate,  (m/e/6 )g. 

(iii)  Temperature  of  gas  phase,  T^  ,  temperature  of  droplet,  Tw  , 
the  boiling  point,  Tg  ,  vs.  compressor  stage  number. 

(iv)  Mass  flow  rate  of  liquid  phase  at  blade  tip,  mw  ,  vs. 
compressor  stage  number. 

(v)  Mass  flow  rate  of  gas  phase  at  blade  tip,  m  . .  ,  vs. 

V  »  Z I  p 

compressor  stage  number. 

The  main  observation  from  Figs.  4.5.1  to  4.5.20  is  as  follows: 

The  evaporation  of  water  droplets  in  the  compressor  improves  overall 
total  pressure  ratio  but  reduces  overall  adiabatic  efficiency. 

It  may  be  pointed  out  that  a  multi-stage  compressor  yielding  a 
large  pressure  (and  therefore  temperature)  ratio  could  cause  evapora¬ 
tion  of  water  even  when  the  inlet  temperature  is  low  and  corresponds 
to,  say,  atmospheric  conditions.  At  low  temperatures,  the  saturation 
value  of  humidity  is  also  small  and  therefore  there  can  arise  a  greater 
amount  of  phase  change  from  water  to  vapor. 


4.6  Overall  Test  Compressor  Performance 

The  overall  performance  of  the  compressor  for  the  case  of  15  per 
cent  water  ingestion  has  been  calculated  for  conditions  as  shown  in 
Table  4.6.1.  Figures  4.6.1  to  4.6.16  illustrate  the  performance  for 
various  conditions  as  shown  in  Table  4.6.2.  In  each  of  the  figures, 
the  results  are  presented  as  follows: 
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TABLE  4.6.1 


CONDITIONS  FOR  OVERALL  PERFORMANCE  CALCULATION 


Case 

Initial  Droplet 
Diameter 

Compressor  Inlet 
Temperature 

(°C) 

Rotor  Speed 
N  /  r  N 
/e  [«^e 

1 

20  ym 

68  °F  (20  °C) 

I— » 

O 

o 

V£> 

w 

O 

bo 

2 

20  ym 

104  °F  (40  °C) 

1.0,  0.9,  0.8 

3 

600  ym 

68  °F  (20  °C) 

1.0,  0.9,  0.8 

4 

600  ym 

104  °F  (40  °C) 

1.0,  0.9,  0.8 

Note:  (-*4  =  51 120,  Design  Correct  Speed  (RPM) 
/q~ 
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TABLE  4.6.2 


Initial 
Droplet 
Di ameter 

Compressor 

Inlet 

Temperature 

Performance  Parameter 

No.  of 
Figure 

20  pm 

68° F  (20°C) 

Overall  pressure  ratio 

4.6.1 

20  pm 

68° F  (20°C) 

Overall  temperature  rise  of  gas  phase/ 
inlet  temp. 

4.6.2 

20  pm 

68° F  (20°C) 

Overall  temperature  rise  of  droplet/ 
inlet  temp. 

4.6.3 

20  pm 

68° F  (20°C) 

Work  done  per  unit  mass  of  mixture 

4.6.4 

20  pm 

104° F  (40°C) 

Overall  pressure  ratio 

4.6.5 

20  pm 

104°F  (40°C) 

Overall  temperature  rise  of  gas  phase/ 
inlet  temp. 

4.6.6 

20  pm 

104° F  (40°C) 

Overall  temperature  rise  of  droplet/ 
inlet  temp. 

4.6.7 

20  pm 

104°F  (40°C) 

Work  done  per  unit  mass  of  mixture 

4.6.8 

600  pm 

68° F  (20°C) 

Overall  pressure  ratio 

4.6.9 

600  pm 

68° F  (20°C) 

Overall  temperature  rise  of  gas  phase/ 
inlet  temp. 

4.6.10 

600  pm 

68° F  (20°C) 

Overall  temperature  rise  of  droplet/ 
inlet  temp. 

4.6.11 

600  pm 

68°F  ( 20°C ) 

Work  done  per  unit  mass  of  mixture 

4.6.12 

600  pm 

104°F  (40°C) 

Overall  pressure  ratio 

4.6.13 

600  pm 

104°F  (40°C) 

Overall  temperature  rise  of  gas  phase/ 
inlet  temp. 

4.6.14 

600  pm 

104  °F  (40°C) 

Overall  temperature  rise  of  droplet/ 
inlet  temp. 

4.6.15 

600  pm 

104°F  (40°C) 

Work  done  per  unit  mass  of  mixture 

4.6.16 
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(1)  overall  pressure  ratio,  P  /P  ,  vs.  gas  phase  corrected 

.  _  02  01 
mass  flow  rate,  (m/e/6)  ; 

9 

(11)  ratio  of  overall  temperature  rise  of  gas  phase  to 

inlet  temperature,  aT^/T  i  ,  vs.  gas  phase  corrected  mass 
flow  rate,  (m/e/6)g  ; 

(iii)  ratio  of  overall  temperature  rise  of  droplet  to  inlet  tempera¬ 
ture,  aT^T  ♦  vs.  gas  phase  corrected  mass  flow  rate, 

(m/e/6 )g  ;  and 

(iv)  work  done  per  unit  mass  of  mixture  vs.  gas  phase  corrected 
mass  flow  rate. 

Overall  performance  calculations  have  also  been  performed  for  other 
values  of  water  content,  but  not  shown  here.  Changes  in  performance 
show  similar  trends  at  various  values  of  water  ingestion. 

Figures  4.6.17  and  4.6.18  show  the  effect  of  initial  water  content 
on  (a)  the  liquid  phase  mass  flow  rate  at  compressor  outlet,  (b)  gas 
phase  mass  flow  rate  at  compressor  outlet,  (c)  overall  temperature 
ratio,  and  (d)  overall  pressure  ratio.  The  liquid  and  gas  mass  flow 
rates  at  the  inlet  to  the  compressor  are  also  shown  for  convenience. 
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CHAPTER  V 


ENGINE  OPERATION  WITH  WATER  INGESTION 


The  most  important  feature  of  an  engine  operating  with  water  in¬ 
gestion  into  its  compressor  inlet  is  that  the  compressor  performance 
becomes  altered  so  completely  that  the  situation  is  equivalent  to  oper¬ 
ation  of  the  engine  with  a  new  compressor  even  when  extreme  conditions 
of  operation  have  not  set  in.  If  the  compressor  surges  or  the  burner 
suffers  a  flame-out  condition,  the  engine  suffers  more  severe  con¬ 
sequences.  However,  even  with  a  moderate  amount  of  water  ingestion 
the  equilibrium  running  condition  of  the  engine  becomes  affected. 
Depending  upon  the  conditions  of  operation  of  the  turbine  driving  the 
compressor  and  the  thrust  nozzle,  one  may  in  fact  be  unable  to  obtain 
equilibrium  running  under  a  given  set  of  operating  and  initial  con¬ 
ditions:  for  example,  when  the  turbine  or  the  thrust  nozzle  remains 
choked  during  water  ingestion  into  a  simple,  constant  geometry  jet 
engine. 

The  manner  in  which  an  engine  responds  to  water  ingestion  depends 
upon  (a)  engine  design  parameters,  (b)  inlet  temperature,  (c)  vapor 
and  water  content  at  the  inlet,  (d)  conditions  of  operation  and 
(e)  the  control  scheme  included  in  the  engine. 

The  engine  design  parameters  are  (i)  component  design,  (ii)  var¬ 
iability  of  geometry  and  (iii)  performance  of  various  parts  of  the  en¬ 
gine.  The  water  content  at  the  inlet  determines  the  amount  of  gas 
phase  fluid  that  enters  the  compressor  at  the  operating  flow  coefficient 
of  the  compressor,  which  in  turn  is  a  function  of  the  operational  con¬ 
dition  of  the  engine. 
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The  control  scheme  may  be  based  on  engine  inlet  temperature,  en¬ 
gine  speed,  engine  pressure  ratio,  engine  temperature  ratio  or  any  com¬ 
bination  of  them.  It  may  regulate  the  fuel  flow  rate  or  the  geometry 
of  the  engine  if  there  is  variable  geometry. 

The  principal  performance  parameters  of  interest  during  water 
ingestion  into  engines  are  (i)  the  engine  operating  line,  (ii)  the 
surge  margin  and  (iii)  the  interaction  with  engine  control  in  operating 
under  equilibrium  conditions.  In  practice  these  parameters  are  of 
interest  during  transitory  conditions.  In  other  words,  one  has  to  con¬ 
sider  the  ingestion  of  water  into  the  engine  under  certain  operating 
conditions  at  a  certain  instant  of  time  and  examine  the  behavior  of 
the  engine,  with  its  control,  until  a  desired  equilibrium  operating 
condition  is  reached.  If  the  time  dependent  aspects  are  neglected 
altogether,  say,  under  the  assumption  of  infinitely  slow  adjustment 
from  one  condition  to  another,  all  of  the  afore-mentioned  performance 
parameters  are  still  of  interest.  Predictions  of  performance  do  become 
simpler  since  one  does  not  have  to  take  into  account  engine  inertia, 
although  they  are  complicated  on  account  of  two  phase  flow  effects. 

The  major  two  phase  flow  effects  arise  through  (i)  blockage  of 
air  flow  due  to  droplets  and  (ii)  distortion  of  flow  at  entry  to 
each  blade  row  with  respect  to  (a)  water  and  vapor  content,  and  (b) 
temperature  and  pressure  distribution,  eachof  them  at  least  in  the 
radial  direction.  This  fact  necessitates  calculation  of  spanwise  per¬ 
formance  of  the  compressor  and  the  resulting  flow  into  the  diffuser. 
That  is  a  formidable  task,  as  stated  earlier,  in  the  case  of  two  phase 
flow,  unless  it  is  carried  out  under  a  set  of  approximations.  In  any 
case,  one  needs  to  obtain  the  distortion  parameters  mentioned  earlier 
and  the  difference  in  performance  between  various  sections  along  the 
span  of  the  blade  for  each  stage  and  cumulatively.  At  a  particular 
condition  of  operation,  it  is  possible  that  the  root  of  a  blade  may  be 
close  to  stalling  with  gas  phase  flow  while  the  tip  is  close  to  choking 
on  account  of  the  large  amount  of  water  present  in  that  section. 
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In  the  current  investigation,  no  experiments  have  been  included  01 
an  engine  with  water  ingestion.  On  the  other  hand,  models  have  been 
developed  for  compressor  performance  with  water  ingestion  and  predic¬ 
tions  have  been  sought  to  be  compared  with  measurements  of  overall 
performance.  Accordingly  engine  performance  with  water  ingestion  has 
been  studied  only  with  respect  to  the  following. 

(1)  Establishment  of  equilibrium  running  conditions  with  water 
ingestion  into  engine  inlet. 

(2)  Analysis  of  an  engine  operating  with  severe  radial  distortion 
in  regard  to  water  and  water  vapor  distribution. 

In  regard  to  the  latter,  the  equilibrium  running  of  the  engine  can  be 
examined  when  the  root  section  is  operating,  for  example,  entirely 
with  gaseous  phase  and  the  tip  section  is  operating  with  a  large 
amount  of  centrifuged  water. 

A  simple  constant  geometry  jet  engine,  as  shown  in  Fig.  5.1,  is 
examined. 


5.1  Criteria  for  Equilibrium  Running 

In  order  to  obtain  the  equilibrium  running  point,  three  matching 
conditions  must  be  satisfied.  They  are  (1)  engine  shaft  speed  balance 
(2)  mass  flow  rate  balance,  and  (3)  power  balance. 

5.1.1  Engine  Shaft  Speed  Balance 

When  the  compressor  and  turbine  shafts  are  directly  coupled,  it 
follows  that: 

N  .  N 
^®t4  *^2,  g 

where  subscripts  t,  g,  2,  and  4  refer  to  total  temperature,  gas  phase, 
compressor  inlet,  and  turbine  inlet. 

83 


5.1.2  Mass  Flow  Rate  Balance 

The  turbine  and  compressor  inlet  mass  flow  rates  can  be  related 
as  follows. 

^4  =  ”*2  +  "V 

Since  m,  *  m,  „  +  m9  u  .  one  can  get 

c  t»y  t>w 

m*  s  m9  m^  ^  m- 
4  2,g  2,w  f 

The  mass  balance  equation  can  then  be  written  as  follows. 


Uriting 

f  =  mf/m2  ,  and 

xw  =  m2,w/m2  ’ 
and  noting  that 


■  ('  -  Vf> 


and 
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(5.1.2) 


The  combustor  and  compressor  inlet  mass  flow  rates  are  related  by 
writing 


II)« 


=  ”2,9''  * 

where  x'  =  m2j>2>g  ■  y(I  -  xj 
Therefore,  one  obtains  the  following. 

m3^9t3,g  =  m2,g^9t2,g  j1  "  V 

6t3  6t2  (Pt3/Pt2^ 


5.1.3  Power  Balance 

For  equilibrium  running,  the  power  output  of  the  turbine  must 
match  that  required  by  the  compressor  and  any  auxiliary  load. 

Therefore,  the  power  balance  equation  can  be  written  as  follows 


m«  c  (T.w  -  T.Jn  *  m0  _  c  (T*,  _  -  T.„  „) 
4  pT'  t4  t5  M  2,g  pc'  t3,g  t2,g' 


+  m2,w  cw^Tt3,w  "  Tt2,w^ 


where  is  mechanical  loss. 

Since  m^  =  m2  +  mf  =  "'g  g  +  ^2  w  +  "’f  ’  one  can  write  the 
power  balance  equation  as  follows. 

nu  1I1 

h2 


(1  +  t/C-  (T. .  -  T.,)nM  =  cn  (T. ,  n  -  T.,  n) 
riu  Pj  t4  t5  M  iti2  pc'  t3,g  t2,g' 


.  !!2awr  /x  T  x 

Iti2  Vt3,w  ■  t2 ,w' 
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Using  the  expressions  for  mass  flow  ratio,  one  obtains  the 
following. 


5.1.4  Gas  Generator  Matching 

An  equilibrium  operating  point  for  a  simple,  constant  geometry  gas 
generator  can  be  obtained  by  solving  simultaneously  Eqs.  5.1.1  to  5.1.4, 
if  the  compressor,  burner  and  turbine  efficiencies  and  pressure  losses 
in  various  parts  are  known.  The  equilibrium  point  can  be  defined,  as 
usual,  in  terms  of  the  following: 

N/,/8t2,g  ’  m2g’^t2/6t2  *  Pt3/Pt2  ’ 

Tt4/Tt2,g  ’  Pt5/Pt2,g  . 

In  general,  it  is  of  interest  to  determine  the  fuel  flow  rate.  It 
can  be  expressed  as  follows. 

mfnB  AHc  =  m3,g  7PB^Tt4  -  Tt3,g) 

+  m3,w  cw<Ts  '  Tt3,w}  +  aHv  +  CPB(Tt4  ‘  V 

where  T$  is  saturation  temperature,  AHy  ,  latent  heat  of  vaporization, 
aHc  heating  value  of  fuel,  and  cw  specific  heat  of  water.  Using 
Eq.  (5.1.3),  this  equation  becomes  the  following. 


m. 


m„ 


6t2/9t2,g 


.g/9t2,g  Tref  f  ]t4_  _ 

6t2  W  -  V  PB  Tt2,g  Tt2,g  J 


+  continued 
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+ 

ItLa 

rc  tTs 

Tt3fw  ] 

*3.g 

Tt3,g 

lTt2,9 

Tt2,g 

Tt3,g  * 

AHv 

+  T 

Tt2,g 

+  cn 

Pfi 

[Tt4 

Jt2,g 

rj  J  } 

(5 

5.2  Gas  Generator  Nozzle  Matching 

The  continuity  equation  for  converging  nozzle  can  be  written  as 
follows. 


irig  =  a7  i);  Pj-g/^tg  Cd 


where  subscripts  6  and  7  are  nozzle  inlet  and  nozzle  throat,  respective¬ 
ly.  C.  is  discharge  coefficient,  and  ip  is  defined  as  follows. 

p  V2 


•■{SrOj  ['-(&“]) 


Therefore,  the  nozzle  corrected  flow  per  unit  area  is 


m6^T 


t6  = 
7 


*Cd 

Sr 


If  the  nozzle  is  choked,  then 


(5.2.1) 


(5.2.2) 


If  the  nozzle  is  not  choked,  then  the  value  of  P^g/P^  Is  deter¬ 
mined  by  the  engine  operating  point,  inlet  duct  loss,  the  flight  Mach 
number,  and  the  exhaust  duct  loss  as  follows. 


87 


(5.2.3) 


pto 

Pt2 

Pt3 

Pt4 

Pt5 

Pt6 

o 

•*■> 

a. 

Pt2 

Pt3 

Pt4 . 

Pt5 

where 


flight  Mach  number  effect 


=  inlet  duct  loss 

s  engine  operating  point,  and 


=  exhaust  duct  loss. 


With  the  value  of  *  determined  by  Ptg/P7  .  the  operation  of  the 
gas  generator  at  a  specified  point  (N//et2  ,  VTt2,g> 

a  unique  nozzle  throat  area  as  follows. 


"6  ^ 

/r 

Pt6 

* 

i,5,'Tt5 

Pt5 

ns 

sr 

Pt5 

Pt6  \ 

1  Tt5 

4> 

m5  ^®t5 

^ref  f 

PM]| 

[V 

6t5 

^ref  ' 

•*S| 

Vs 

*4/®t4  Pt4  FtS  y^ref  Pt5  Pt6  /R~ 


(5.2.4) 
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5.2.1  Engine  Performance  Parameters 

Based  on  the  foregoing,  the  following  engine  performance  parameters 
can  be  obtained  at  each  equilibrium  operating  point: 

(i)  engine  thrust, 

(ii)  engine  thrust  specific  fuel  consumption,  and 

(iii)  surge  margin. 

At  each  operating  point,  one  can  examine  the  performance  of  each 
stage  of  the  compressor  and  establish  whether  the  stage  is  tending  to¬ 
wards  choking  or  stalling.  The  overall  performance  of  the  compressor 
may  also  be  examined  for  similar  trends. 


5.3  Radial  Distortion  Effects 


The  radial  distortion  introduced  by  water  ingestion  arises  with 
respect  to  the  following: 

(1)  water  content, 

(2)  gas  phase  mixture  content, 

(3)  gas  phase  temperature, 

(4)  gas  phase  pressure, 

(5)  water  temperature,  and 

(6)  flow  Mach  number, 

at  the  end  of  each  stage  in  comparison  with  the  values  of  some  of  these 
parameters  during  operation  with  air  and  also  in  comparison  with  the 
entry  conditions.  The  effects  of  distortion  are  important  both  in 
the  compressor  and  the  engine  components  following  the  compressor. 

Among  the  foregoing  parameters  which  may  suffer  distortion,  the 
spanwise  variation  of  water  content  along  the  compressor  is  especially 
significant  during  two  phase  flow.  At  some  particular  stage  in  a 
multi-stage  compressor,  because  of  centrifugal  force  and  phase  change 
effects,  the  root  section  may  be  entirely  devoid  of  water  and  the  tip 
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section  may  have  a  large  amount  of  water  while  there  is  a  distribution 
of  water  content  from  root  to  tip. 

In  the  case  of  the  Test  Compressor,  the  manner  in  which  water 
becomes  centrifuged  away  from  the  root  section  is  Illustrated  in  the 
following  figures. 

(i)  Fig.  5.3.1,  which  shows  how  a  particle  of  water  at  the  hub 
moves  towards  the  tip  at  various  operating  speeds  when  the 
flow  coefficient  is  0.46  and  the  droplets  are  small. 

( i 1 )  Fig.  5.3.2,  which  shows  how  a  particle  of  water  at  the  hub 
moves  towards  the  tip  at  various  operating  speeds  when  the 
flow  coefficient  is  (again)  0.46  and  the  droplets  are  large, 
(iii)  Fig.  5.3.3,  which  shows  how  the  mass  flow  rate  of  water  at 
the  hub  changes  due  to  centrifuging  along  the  compressor  at 
various  operating  speeds  when  the  flow  coefficient  is  0.46  and 
the  droplets  are  small. 

(iv)  Fig.  5.3.4,  which  shows  how  the  mass  flow  rate  of  water  at  the 
hub  changes  due  to  centrifuging  along  the  compressor  at 
various  operating  speeds  when  the  flow  coefficient  is  0.46  and 
the  droplets  are  large. 

The  calculation  procedure  is  that  given  in  Appendix  7  and  Appendix  8. 
Similar  predictions  can  be  obtained  for  other  values  of  flow 
coefficient. 

It  may  be  recalled  that  centrifuging  of  water  is  independent  of 
water  content.  The  difference  between  Figs.  5.3.1  and  5.3.2  is  due  to 
the  assumptions  made  regarding  which  portions  of  small  and  large  drop¬ 
lets  undergo  centrifuging;  similarly  the  difference  between  Figs.  5.3.3 
and  5.3.4.  It  is  also  important  to  recognize  the  manner  in  which  the 
hub  radius  changes  while  the  tip  radius  is  constant  (Fig.  5.3.5)  in  the 
Test  Compressor.  Thus,  in  the  case  of  a  compressor  with  a  different 
geometry  and  utilizing  other  assumptions  regarding  the  fraction  of  drop¬ 
lets  that  centrifuge,  other  variations  in  water  content  may  be  obtained 
along  the  compressor. 


Referring  to  Fig.  5.3.3,  over  the  range  of  operating  speeds  con¬ 
sidered,  the  hub  becomes  completely  depleted  of  water  in  the  vicinity  of 
the  fourth  stage.  On^the  other  hand,  in  the  case  of  large  droplets,  as 
in  Fig.  5.3.4,  even  at  100  per  cent  design  speed  there  is  some  water  at 
the  hub  all  the  way  up  to  the  sixth  stage.  At  lower  speeds,  there  is 
a  redistribution  of  water  content  but  there  is  still  an  appreciable 
amount  of  water  at  the  hub;  for  example,  at  80  per  cent  design  speed, 
about  40  per  cent  of  the  water  that  entered  the  hub  section  at  inlet 
is  still  present  at  the  hub  of  the  sixth  stage. 

It  may  be  pointed  out  that  phase  change  of  water  to  vapor  has  been 
taken  into  account  in  obtaining  the  foregoing  predictions. 

In  examining  radial  distortion  effects,  a  limiting  case  can  be 
considered,  for  example,  corresponding  to  operation  of  the  compressor 
under  the  conditions  employed  in  obtaining  the  predictions  displayed 
in  Fig.  5.3.3:  at  design  speed,  the  hub  of  the  compressor  is  operating 
entirely  with  gaseous  phase  after  the  fourth  stage  and  the  tip  section 
has  a  substantial  amount  of  water. 

The  variation  of  mass  flow  rates  of  gas  and  liquid  phases  in 
different  stages  of  the  compressor  while  operating  at  two  different 
speeds  is  shown  in  Figs.  5.3.5  to  5.3.8  for  various  initial  conditidns 
as  shown  in  Table  5.3.1.  It  will  be  observed  that  all  of  the  illustra¬ 
tions  are  for  15  per  cent  ingestion  of  water  and  apply  to  the  tip  sec¬ 
tion  of  the  compressor.  Figures  5.3.5  to  5.3.8  can  then  be  examined  in 
relation  to  the  overall  compressor  performance  maps  given  in  Figs. 

4.6.1  to  4.6.16,  which  also  apply  to  the  tip  section  of  the  compressor. 
One  can  observe  in  them  the  extent  and  nature  of  the  difference  between 
operation  with  air  and  with  air-water  mixture.  This  difference  then 
affects  the  equilibrium  running  of  the  engine. 


5.3.1  Radial  Distortion  Index  for  Water  Ingestion 

A  radial  distortion  index  may  be  postulated  for  any  stage  of  a  com- 
pressor.with  water  ingestion.as  the  distortion  that  arises  at  the  exit 


TABLE  5.3.1 


OPERATING  CONDITIONS  FOR  FIGURES  5.3.5  TO  5.3.8 


Initial  Compressor  Initial  Rotor  Parameter  Figure 

Droplet  Inlet  Water  Speed 

Diameter  Temperature  Content 


D 

0 

T 

01 

*w,0 

-/(S-) 

/r 

20  urn 

68 

°F(20  °C) 

0.15 

0.8, 0.9, 1.0 

Am_/mn  . 
g  g.m 

5.3.6 

600  ym 

68 

°F(20  °C) 

0.15 

0.8,0. 9,1 .0 

“A.m 

5.3.7 

20  ym 

68 

°F(20  °C) 

0.15 

0.8,0. 9, 1.0 

Win 

5.3.8 

600  ym 

68 

°F(20  °C) 

0.15 

0.8, 0.9,1 .0 

Wl.ln 

5.3.9 

Note:  MM*  =  51120;  Design  Corrected  Speed  (RPM) 


92 


plane  of  the  stage  under  design  conditions  (speed  and  flow  coefficient) 
with  a  given  air-water  droplet  mixture  entering  uniformly  at  the  com¬ 
pressor  inlet.  The  design  condition  may  be  chosen  as  either  the  stage 
design  point  or  the  stage  operating  point  corresponding  to  engine 
design  point.  It  may  be  observed  that  distortion  is  defined  with  re¬ 
spect  to  compressor  inlet  conditions  rather  than  the  inlet  conditions 
of  the  stage  under  consideration.  This  is  essential  since  in  the  case 
of  two  phase  flow  the  outlet  conditions  at  any  stage  are  affected  by  the 
entire  compressor  section  upstream  of  it.  A  distortion  coefficient  for 
each  stage  with  respect  to  uniform  conditions  at  its  entry  may  also  be 
defined  whenever  necessary,  but  is  generally  less  useful  than  the  over¬ 
all  distortion  index  up  to  the  stage  under  consideration. 

On  the  same  basis,  one  may  define  the  cumulative  distortion  index 
for  a  compressor. 


Considering  various  parameters  of  interest  during  water  ingestion, 
it  is  proposed  that  an  overall  distortion  index  be  defined  as  follows. 


K  *  Kp 

+  S  +  Si +  Kv+  Si 

(5.3.1) 

where  Kp  = 

n  -x,  n  -x, 

X  <p-pi>°i  W,°i 

:  total  pressure  distortion 

index > 

KT  = 

n  -x0  n  -x„ 

<T-V°,  /T  i,Di 

:  total  temperature  distor¬ 
tion  index. 

KW  * 

n  -x,  n  -x, 

^VVVi’Oi  M,di 

:  water  content  distortion 

index. 

Ky  - 

n  -x.  n  -x. 

I  (Xv  -  Xy  i)0.  4/  l  Di  4 
1=1  v  V>1  1  1=1  1 

:  vapor  content  distortion 

index. 

Si  * 

n  -x_  n  -xc 

l  (M  -  M.)D.  5/  l  Di  5 

1=1  11  i*l  1 

:  Kach  number  distortion 

index. 
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and  the  properties  ,  T\,  •  ,  Xy  . ,  and  M^  are  total  pressure,  total 

temperature,  water  content,  vapor  content,  and  Mach  number  at  radial 
location  D^.  The  average  is  designated  by  the  bar  and  the  weighting 
factor  x^(1al,  2,  3,  4,  5)  is  Introduced  to  account  for  distortion 
sensitivity. 

The  overall  distortion  index  is  not  wholly  satisfactory  since  dis¬ 
tortions  with  respect  to  each  of  the  selected  parameters  is  given  equal 
weightage  in  Eq.  5.3.1  and  also  the  various  distortions  are  simply 
added. 

A  further  simplification  can  be  introduced  by  considering  only  the 
distributions  of  water  content  and  Mach  number.  This  can  be  justified 
by  noting  that  the  inlet  temperature,  flow  coefficient  and  water  con¬ 
tent  largely  determine  the  performance  of  a  compressor  at  a  given  speed, 
including  heat  and  mass  transfer  processes.  One  can  then  modify 
Eq.  5.3.1  by  writing 

D  =  Ky  +  K  M  (5.3.2) 

It  may  be  observed  that  the  radial  distortion  index  serves  as  a 
performance  parameter  in  itself.  It  can  also  be  employed  as  a  means 
of  studying  engine  and  control  system  performance. 


FIGURES 


Atmospheric  Particle  Size  Ranges 


Diameter  of  Spherical  Particle  (microns) 


Velocity  of  Sound,  c  (ft/sec) 


Fig.  2.1 

VELOCITY  OF  SOUND 
vs. 

LIQUID  VOLUME  FRACTION 
(At  Standard  Atmospheric  Conditions) 
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Liquid  Mass  Fraction 


Fig.  2.2  Local  Impingement  Rates  on  Compressor  Airfoils  (Ref.  6) 
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Droplet  Radial  Location  in  Rotor  (in) 


Critical  Weber  Number  and  Stability  Number 


i 
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pig. 2 .5  Critical' l&lnt Number  and  Stability 
Number  vs  Droplet  Diameter 


Droplet  Diameter  (/-cm) 
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Fig.  3. 1  Model  for  Motion  of  Large  Droplet 
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FioAlg  Effect  of  Methane  Content  on  Overall  Total  Temperature  Ratio 


.4.1.3  Effect  of  Methane  Content  on  Overall  Adiabatic  Efficienc 


105 


2.6  2.8  .  3.0  3 

Corrected  Mass  Flow  Rate  rriv^/S  (lbm/sec) 


Stage  Total  Pressure  Wtio  (EU/?*,  \ 


Fig.  4.1.4  Effect  of  Methane  Content  on  Stage  Total 


Corrected  Mass  Flow  Rate  rh,/?/8  (Ib^/sec) 


Stage  TotaTPressurFRatio  (EU/foP 


FIG.  4.2. 1  EFFECT  OF  WATER  CONTENT  ON  OVERALL  TOTAL  PRESSURE  RATIO 


GAS  PHASE  CORRECTED  MASS  FLOW  RATE  (LB/S) 


TEMPERATURE  OF  GAS  PHASE  AND  DROPLET  (  R  ) 


IGV  1  2  3  4  5  6 

COMPRESSOR  STAGES 


111 


Fig.  4.2.5  CHANGE  OF  WATER  CONTENT  AT  TIP  ALONG  COMPRESSOR  STAGES 


TEMPERATURE  OF  GAS  PHASE  AND  DROPLET 


Fig. 4. 2. 9 

CHANGE  OF  TEMPERATURE  ALONG  COMPRESSOR  STAGES 


COMPRESSOR  STAGES 


WATER  CONTENT  AT  TIP 


Fig.  4.2.10  CHANGE  OF  WATER  CONTENT  AT  TIP  ALONG  CONPRESSOR  STAGES 
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FIG.  4.2.11  EFFECT  OF  WATER  CONTENT  ON  OVERALL  TOTAL  PRESSURE  RATIO 


GAS  PHASE  CORRECTED  MASS  FLOW  RATE  (LB/S) 


PHASE  CORRECTED  MASS  FLOW  RATE  (LB/S) 


.2.13  EFFECT  OF  WATER  CONTENT  ON  OVERALL  TEMPERATURE  RISE 
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FIG.  4.2.17  EFFECT  OF  WATER  CONTENT  ON  OVERALL  ADIABATIC  EFFICIENCY 


GAS  PHASE  CORRECTED  MASS  FLOW  RATE  (LB/S) 


TEMPERATURE  OF  GAS  PHASE  AND  DROPLET  (  R  ) 


Fig.  4.2.19 

CHANGE  OF  TEMPERATURE  ALONG  COMPRESSOR  STAGES 
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Fig.  4.2.20 

CHANGE  OF  WATER  CONTENT  AT  TIP  ALONG  COMPRESSOR  STAGES 


COMPRESSOR  STAGES 
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.2.22  EFFECT  OF  WATER  CONTENT  ON  OVERALL  ADIABATIC  EFFICIENCY 
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GAS  PHASE  CORRECTED  MASS  FLOW  RATE  (LB/S) 


GAS  PHASE  CORRECTED  MASS  FLOW  RATE  (LB/S) 


EFFECT  OF  WATER  CONTENT  ON  OVERALL  TEMPERATURE  RISE 
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2.26  EFFECT  OF  WATER  CONTENT  ON  OVERALL  TOTAL  PRESSURE 


GAS  PHASE  CORRECTED  MASS  FLOW  RATE  (LB/S) 


FIG. 4. 2.27  EFFECT  OF  WATER  CONTENT  ON  OVERALL  ADIABATIC  EFFICIENCY 
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2.28  EFFECT  OF  WATER  CONTENT  ON  OVERALL  TEMPERATURE  RISE 
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Gas  Phase  Corrected  Mass  Flow  Rate  (m/9/S)g  [lbm/sec] 


Fig.4.3.2  Effect  of  Wafer  Content  on  Overall  Adiabatic  Efficiency 


Gas  Phase  Corrected  Mass  Flow  Rate  (rh\/gr/S^  [ib^/sec] 


Fig.4.3.3  Effect  of  Water  Content  on  Overall  Temperature  Rise  of 
/  “  .  Gas  Phase;  and  Droplet 
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Fig.4.3.4  Temperature  Change  of  Gas  Phase  and 
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Droplet  and  Gas  Phase  Temperature 


Fig.4.3.9  Temperature  Change  of  Gas  Phase  and 
Droplet  along  Compressor  Stages 
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Fig.43J  I  Effect  of  Water  Content  on  Overal  I  Total  Pressure  Ratio 
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Fig.4.3J2  Effect  of  Water  Content  on  Overall  Adiabatic  Efficiency 
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Fig.4.3.14  Temperature  Change  of  Gas  Phase  and 
Droplet  along  Compressor  Stages _ 
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Fig.4.3t  16  Effect  of  Water  Content  on  Overal  I  Total  Pressure  Ratio 
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Fig.4.3.19  Temperature  Change  of  Gas  Phase  and 
Droplet  along  Compressor  Stages 


Fig.4.3.20  Change  of  Water  Content  at  Tip  along 
Compressor  Stages 
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Fig.4.3.2 1  Effect  of  Water  Content  on  Overal  I  Total  Pressure  Ratio 
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Fig.4.3.24  Temperature  Change  of  Gas  Phase  and 
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Fig.4.3.25  Change  of  Water  Content  at  Tip  along 
Compressor  Stages 
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Fig.  4.3.27  Effect  of  Water  Content  on  Overall  Adiabatic  Efficiency 
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Gas  Phase  Corrected  Mass  Flow  Rate  (rh  ^7§)g  Bbm/sec] 


Fig.  4.3.28  Effect  of  Water  Content  on  Overall  Temperature  Rise  of 
Gas  Phase  and  Droplet 
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Fig.4.3.29  Temperature  Change  of  Gas  Phase  and 
Droplet  along  Compressor  Stages 
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Fig.4.4.1  Effect  of  Location  of  Evaporation  on  Overall  Total  Pressure  Ratio 


Corrected  Mass  Flow  Rate  (lbm/sec) 


Ffg.4.4.2  Effect  of  Location  of  Evaporation  on  Overall  Adiabatic  Efficiency 


Fig.4.4.3  Effect  of  Location  of  Evaporation  on  Stage  Totai  Pressure  Ratio 
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Fig.4.4.4  Effect  of  Location  of  Evaporation  on 

Temperature  Change  along  Compressor  Stages 
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Fig.44.6  Effect  of  Location  of  Evaporation  on  Overall  Adiabatic  Efficiency 
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Fig.4.4£  Effect  of  Location  of  Evaporation  on 
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Fig.4.4.9  Effect  of  Location  of  Evaporation  on  Overall  Total  Pressure  Ratio 
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Corrected  Mass  Flow  Rate  (!bm/feec) 


Fig.4.4J0  Effect  of  Locotlon  of  Evaporation  on  Overall  Adiabatic  Efficiency 


Flg.44.1  i  Effect  of  Location  of  Evaporation  on  Stage  Total  Pressure  Ratio 
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Fig.4.4.12  Effect  of  Location  of  Evaporation  on 
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Corrected  Mass  Row  Rate  (lbm/sec) 
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Corrected  Mass  Flow  Rate  (lbm/sec) 


Temperature  (R) 


Ftg.4.4.16  Effect  of  Location  of  Evaporation  on 


F1g.4.4J7  Effect  of  Location  of  Evaporation  on  Overall  Total  Pressure  Ratio 
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Fig.4.4.18  Effect  of  Location  of  Evaporation  on  Overall  Adiabatic  Efficiency 
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Fig.4.4.20  Effect  of  Location  of  Evaporation  on 

Temperature  Change  along  Compressor  Stages 
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Flg.4.4.21  Effect  of  Location  of  Evaporation  on  Overall  Total  Pressure  Ratio 


Corrected  Mass  Flow  Rate  (Ib^^ec) 


Fig.4423  Effect  of  Location  of  Evaporation  on  Stage  Total  Pressure  Ratio 
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Fig.4.5.1  Effect  of  Evaporation  on  Overall  Total  Pressure  Ratio 


Gas  Phase  Corrected  Mass  Flow  Rate  (ifiV9/8)g  [lbm/sec] 
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Fig.4.5.6  Effect  of  Evaporation  on  Overall  Total  Pressure  Ratio 
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Fig. 4.5.8  Effect  of  Evaporation  on  Temperature 
Change  of  Gas  Phase  and  Droplet 
_  along  Compressor  Stages 
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Ffg.45.1 1  Effect  of  Evaporation  on  Overall  Total  Pressure  Ratio 


Gas  Phase  Corrected  Mass  Flow  Rate  (rh^/S) 


Rg.4.5.12  Effect  of  Evaporation  on  Overall  Adiabatic  Efficiency 


ff 


Gas  Phase  Corrected  Mass  Flow  Rate  (m  t07§)g  [lbm/sec] 


Gas  Phase  Temp. 


204 


Mass  Flow  Rate  of  Liquid  Phase  at  Tip  mw(lbm/^ed 
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Fig. 4.5. 15  Effect  of  Evaporation  on  Mass  Flow 
Rate  of  Gas  Phase  at  Tip  along 


Fig.4.5.16  Effect  of  Evaporation  on  Overal  I  Total  Pressure  Ratio 


Gas  Phase  Corrected  Mass  Flow  Rate  (m#/§)g  [lbm/$ec] 


Rg.4.5.17  Effect  of  Evaporation  on  Overall  Adiabatic  Efficiency 


U  X0U8|0!^3  0UDqD|pv  ||DJ8AQ 


208 


Gas  Phase  Corrected  Mass  Flow  Rate  (rh  &/ §)g  [lbm/feec] 


Gas  Phase  Temp.  T  ,  Droplet  Temp.  T  ,  Boiling  Point  Te  (R) 


Fig.4.5.18  Effect  of  Evaporation  on  Temperature 
Change  of  Gas  Phase  and  Droplet 
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Fig.4.5.19  Effect  of  Evaporation  on  Mass  Flow 
Rate  of  Liquid  Phase  at  Tip  along 
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Fig.4.6.13  Effectpf  Water  Ingestion  on  Overall  Total 
Pressure  Ratio 
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■femperature  Rise  of  Gas  Phase 


Overall  Temperature  Rise  of  Droplet 


226 


Overall  Pressure"  fort*0 


Flg.5.3.1  Radial  Displacement  of  Water  Droplet  due  to 
_ Centrifugal  Effect 


Fig.  5.3.5  Geometry  of  Test  Compressor 
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Fig.  5.3.7  Variation  of  Mass  Flow  Rate  of  Gas  Phase 
in  Different  Compressor  Stages 


Fig.  5.3.8  Variation  of  Mass  Fiow  Rate  of  Liquid 
_ Phase  in  Different  Compressor  Stages 
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APPENDIX  1 


DETAIL  OF  TEST  COMPRESSOR  AND  DRIVE  ENGINE 


1.  Drive  Engine 

A  T63-A-5  engine  is  used  to  drive  the  Test  Compressor.  The 
specifications,  limits,  and  performance  ratings  for  the  Drive  Engine 
are  as  follows: 


Design  power  output: 
Ram  power  rating: 

Design  speeds: 

Gas  producer 
Power  turbine 
Power  output  shaft 

Fuel  Specification: 


250  shp 
275  shp 

51120  rpm  (100*) 
35000  rpm  (100%) 
6000  rpm 

MIL-J-5624E(JP-4) 


The  Drive  Engine  power  turbine  drives  the  Test  Compressor  through 
mechanical  gearing.  The  power  turbine  speed  has  been  increased  to  an 
output  of  9,S43  rpm  at  100  per  cent  speed  from  the  normal  rating  of 
6,000  rpm.  The  Test  Compressor  is  operated  at  110  per  cent 
(56,251.7  rpm)  while  the  engine  operates  at  100  per  cent  or  51,120  rpm. 
One  power  turbine  tachometer  Is  used  to  monitor  the  Test  Compressor 
speed.  The  ratio  of  the  tachometer  speed  to  the  Test  Compressor  speed 
is  0.119676. 


2.  Test  Compressor 

The  Test  Compressor  consists  of  the  six  axial  stages  of  the 
ALLISON  T63-A-5  engine  compressor.  The  Test  Compressor  has  been  de 
signed  and  built  such  that  various  stages  of  the  compressor  can  be 


assembled  and  tested.  Thus  the  first  two,  the  Intermediate  two  or 
the  last  two  stages  can  be  tested  if  desired,  as  well  as  the  unit 
with  all  of  the  six  stages.  Only  the  6-stage  unit  has  been  used  in 
the  current  tests. 

The  first  stage  of  the  Test  Compressor  is  preceded  by  an  inlet 
guide  vane  row  which  imparts  swirl  to  the  inlet  air.  The  relative 
Mach  number  of  the  incoming  air  at  the  rotor  inlet  is  thereby  reduced 
as  far  as  permissible  without  causing  inlet  blockage.  The  axial  com¬ 
ponent  features  unshrouded  rotors,  cantilever  stators,  and  double 
circular  arc  blading  in  all  stages.  The  values  of  T-63  compressor 
design  velocity  diagram  are  presented  in  Table  A. 1.1.  Table  A. 1.3  and 
A. 1.4  present  the  hardware  geometry  and  aerodynamic  design  data  for 
rotor  and  stator,  respectively. 

Fig.  A. 1.1.  to  Fig.  A. 1.6  show  the  stage  performance  character¬ 
istics  of  Test  Compressor  supplied  by  the  manufacturer.  In  each  of 
the  figures,  the  equivalent  pressure  ratio,  ip,  equivalent  temperature 
ratio,  t,  and  stage  adiabatic  efficiency,  n»  are  presented  in  terms  of 
flow  coefficient,  <t>.  The  definitions  of  these  parameters  are  as 
follows: 

(i)  flow  coefficient:  <j> 

♦  *VutiP 


(ii)  equivalent  pressure  ratio: 

2 

U._._ 


♦  =  {(-^)  r  -1>  1* 

Toi  D  L  'Ol  J 


(iii)  equivalent  temperature  ratio: 

Ut.  2  AT 

T  =  *  ( "u  -Sr) 

oi  o  Utip 


TABLE  A. 1.1 


963.5 

963.5 

963.5 

963.5 

963.5 

963.5 

508.4 

544.1 

547.0 

554.9 

554.1 

543.7 

236.5 

310.0 

365.1 

349.3 

338.8 

333.8 

727.0 

653.5 

598.4 

614.2 

624.7 

629.9 

25.0 

29.7 

33.7 

32.2 

31.6 

31.5 

54.9 

50.3 

47.6 

47.9 

48.5 

49.3 

0.513 

0.563 

0.578 

0.560 

0.538 

0.512 

0.812 

0.765 

0.713 

0.707 

0.692 

0.658 

507.0 

554.9 

551.0 

554.5 

548.9 

544.6 

405.2 

501.3 

598.8 

614.6 

625.1 

630.3 

558.3 

462.2 

364.7 

348.9 

338.4 

333.2 

38.6 

42.1 

47.4 

47.9 

48.7 

49.2 

47.8 

39.8 

33.6 

32.2 

31.7 

31.5 

0.588 

0.665 

0.706 

0.698 

0.680 

0.660 

0.683 

0.643 

0.574 

0.552 

0.528 

0.506 
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TABLE  A. 1.2 


SYMBOLS  FOR  TEST  COMPRESSOR  DESIGN  VEL '  TY  DIAGRAM  VALUES 


R  Radius,  Inches 

U  Rotor  speed  at  R,  ft/sec. 

Vz  Air  axial  velocity,  ft/sec. 

VQ  Air  absolute  tangential  velocity,  ft/sec. 

W.  Air  relative  tangential  velocity,  ft/sec. 

a  Air  absolute  flow  angle,  degrees 

B  Air  relative  flow  angle,  degrees 

M  Mach  number 


Subscript 

1  rotor  inlet 

2  rotor  outlet 

abs  absolute 

rel  relative 


TABLE  A.l.  3 

TEST  COMPRESSOR  DESIGN  DATA  (ROTOR) 


Stage 

1 

2 

3 

4 

5 

6 

Radius 

R 

2.161 

2.161 

2.161 

2.161 

2.161 

2.161 

Camber  Angle 

e 

22.6 

15.9 

18.0 

19.7 

20.9 

22.0 

Stagger 

Y 

46.1 

42.3 

36.5 

36.1 

36.0 

36.3 

Incidence 

i 

0.0 

2.0 

2.0 

2.0 

2.0 

2.0 

Deviation 

6 

7.3 

5.4 

6.0 

6.0 

6.1 

6.2 

Chord 

C 

0.605 

0.554 

0.534 

0.510 

0.483 

0.456 

Solidity 

0 

0.713 

0.815 

0.787 

0.941 

0.997 

1.075 

Max.  Thickness 

t 

0.036 

0.039 

0.037 

0.036 

0.034 

0.032 

Thickness-Chord  Ratio 

t/c 

0.060 

0.070 

0.070 

0.070 

0.070 

0.070 

No.  of  Blades 

n 

16 

20 

20 

25 

28 

32 

Note:  R,  c,  t  in  [inches]  and  e,  y,  6,  i  in  [degrees] 

TABLE  A. 1.4 

TEST  COMPRESSOR  DESIGN  DATA  (STATOR) 

Stage 

IGV 

1 

2 

3 

4 

5 

6 

Radius 

R 

2.161 

2.161 

2.161 

2.161 

2.161 

2.161 

2.161 

Camber  Angle 

e 

31.7 

22.4 

25.6 

26.2 

24.4 

24.7 

17.3 

Stagger 

Y 

-15.9 

31.3 

36.3 

36.6 

36.8 

37.4 

42.6 

Incidence 

1 

0.0 

-2.0 

-2.0 

-2.0 

-2.0 

-2.0 

-2.0 

Deviation 

S 

6.7 

9.6 

5.2 

8.0 

7.9 

7.5 

5.6 

Chord 

c 

1.395 

0.442 

0.412 

0.412 

0.412 

0.412 

0.412 

Solidity 

a 

0.719 

0.456 

0.789 

0.850 

0.972 

1.093 

0.910 

Max.  Thickness 

t 

0.170 

0.040 

0.025 

0.025 

0.025 

0.025 

0.025 

Thickness-Chord 

Ratio 

t/c 

0.122 

0.09 

0.06 

0.06 

0.06 

0.06 

0.06 

No.  of  Blades 

n 

7 

14 

26 

28 

32 

36 

30 

Note:  R,  c,  t  In  [Inches]  and  e,  y*  1  In  [degrees] 
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Fig.  A.  LI 
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Fig.A.i.5  Performance  Characteristics  of  Test 
Compressor  (5  th  Stage) 
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where  AT0  is  stage  total  temperature  rise,  PQ  total  pressure,  T0  total 
temperature,  Vz  axial  velocity,  U^p  blade  tip  wheel  speed,  y  specific 
heat  ratio.  The  subscripts  1  and  2  mean  inlet  and  outlet,  respectively, 
and  D  design  value. 

Figure  A. 1.7  shows  overall  performance  characteristics  of  Test 
Compressor  supplied  by  the  manufacturer.  The  performance  parameters 
are  the  following: 

(1)  Corrected  mass  flow  rate  = 

where  m  =  mass  flow  rate 

TQ1  =  compressor  inlet  pressure 
PQ1  =  compressor  inlet  temperature 

0  =  Toi^Tref 

5  =fVPref 
Tref=  58.7  °F  (15.2  °C) 

pref=  14.7  psi  (1.0132  x  105  N/m2) 


(2)  Corrected  speed  * 

/e~ 

where  N  =  rotor  speed  (RPM) 


where 


where 


(3)  Overall  total  pressure  ratio  -  p02/p01 
PQ1  =  compressor  inlet  total  pressure 

PQ2  =  compressor  outlet  total  pressure 

(4)  Overall  adiabatic  efficiency  =  n  “  “TT^rGr^) 

A  *  o  I— r  o  1 

T01  *  compressor  Inlet  total  temperature 
aTq  =  compressor  total  temperature  rise 


\ 
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Fig. A. 1.7  Performance  Characteristics  of  Test 
Compressor  (Overall) 
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P02/P01  *  overall  total  pressure  ratio 
Y  *  ratio  of  specific  heats 

3.  Limitations 

The  Test  Compressor  is  driven,  through  a  mechanical  gear  train, 
by  the  power  turbine  of  the  Drive  Engine.  The  6-stage  Test  Compressor 
has  been  utilized  in  the  past  for  up  to  30  hours.  The  available  life¬ 
time  for  further  use  of  that  Test  Compressor  has  been  uncertain. 

The  Test  Compressor  has  a  plastic  coating  on  the  casing  that 
supports  the  stator  blade  rings.  The  mechanical  and  thermal  strength  of 
the  coating  has  been  uncertain  since  the  casing  was  built  over  ten 
years  ago  and  may  have  aged.  At  design  point,  the  Test  Compressor 
temperature  rise  is  about  192°F,  (106°C)  when  the  inlet-air  temperature 
is  58.7°F,  (15.2°C).  A  casing  has  been  replaced  by  a  second  casing  during 
preliminary  testing. 

The  throttle  regulating  the  Test  Compressor  mass  flow  at  any 
given  speed  of  operation  consists  of  a  conical  center  piece  that  can  be 
set  at  any  desired  location  concentrically  in  a  diverging  section  which 
is  then' opened  to  atmospheric  conditions  following  a  straight  duct.  The 
center  piece  can  be  moved  utilizing  an  electric  motor.  The  throttle  (annulus) 
area  that  is  available  during  center  piece  motion  is  shown  in  Fig. A. 1.8. 

It  is  possible  to  set  the  throttle  to  within  a  tenth  of  an  inch  (about 
2.0  mms)  during  horizontal  traverse  of  the  throttle  centerpiece.  At  a 
given  Test  Compressor  speed,  a  chosen  throttle  setting  may  yield  one  of  two 
types  of  performance:  (i)  when  it  is  unchoked,  the  pressure  ratio  across 
the  throttle  (the  downstream  pressure  being  related  to  the  atmospheric 
pressure)  determines  the  mass  flow  throughout  the  Test  Compressor;  and 
(ii)  when  the  throttle  area  is  too  large  for  passing  the  mass  flow  ■v"ough 
the  Test  Compressor  with  a  particular  set  of  inlet  conditions,  t‘».  lessor 
will  operate  under  free-wheeling  conditions. 

The  Test  Compressor  assembly  with  the  gear  box  connecting  it  to  the 
Drive  Engine  is  such  that  there  is  no  simple  access  to  its  outlet  section 
for  locating  adequate  instrumentation  or  adjusting  probes  to  establish 
compressor  outlet  conditions.  The  gear  box  disassembly  and  removal  of  the 
compressor  outlet  ducting  are  required  each  time  any  access  is  desired 
to  the  compressor  outlet  section. 


Flow  Area  (ft  ) 


Fig.A.1.8  Flow  Area  vs  Throttle  Setting 
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3.1 


Refurbishment 


The  Drive  Engine  and  the  Test  Compressor  have  been  refurbished 
in  the  following  respects  by  the  Detroit  Diesel  Allison  of  Indianapolis, 
who  are  the  original  manufacturers  of  both  the  units. 

(1)  Engine  fuel  flow  control 

(2)  Drive  shaft  interconnecting  the  Drive  Engine  and  the 
Test  Compressor, 

(3)  Test  Compressor  gear  box, 

(4)  Test  Compressor  bearings,  and 

(5)  The  6-stage  assembly  of  Test  Compressor,  including 
balancing. 

Following  this  refurbishment  and  additional  work  undertaken  at 
Purdue  University,  proof-runs  undertaken  on  the  Drive  Engine  -  Test  Compre 
ssors  installation  showed  feasibility  of  satisfactory  operation  of  the 
test  unit. 
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APPENDIX  2 


EFFECTIVE  DROPLET  DIAMETER  FOR  DIFFERENT  PROCESSES 


1.  Definition  of  Mean  Droplet  Diameter 

In  practice,  the  dispersed  phase  does  not  consist  of  droplets  of 
equal  size.  It  Is  often  convenient  to  represent  a  spectrum  of  the 
droplet  size  distribution  by  an  equivalent  mono-dispersion  of  droplets 
of  a  mean  diameter.  A  mean  diameter  Is  a  mathematical  value  that 
represents  the  complete  droplet  size  distribution.  This  value  can  be 
a  measure  of  number  density,  diameter,  surface  area,  or  volume,  each 
of  which  Is  of  significance  with  respect  to  different  aero-thermo¬ 
mechanical  processes  In  two  phase  flows.  A  general  equation  that 
defines  a  mean  diameter  Is  given  by  (Ref.  17  ) 


t  max  na  dN*  jn 

Jo  °  sr dD 


/„max  nb  dN* 

J°  D  ST 


dD 


1 

a-b 


(A. 2.1) 


where  N*  is  the  cumulative  number  fraction  of  droplets  below  diameter 
D  In  the  spectrum  and  a,  b  are  integers.  Depending  upon  the  value  of 
Integers  a  and  b,  the  mean  diameters  based  on  length,  surface  area,  or 
volume  are  defined  as  follows  using  appropriate  values  of  integers  a 
and  b  In  Eq.  (A. 2.1): 

(1)  linear  mean  diameter:  Djq 

a  *  1,  b  *  0 


(11)  surface  mean  diameter:  Dgg 

a  *  2,  b  «  0 
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7  T 


(111)  surface- length  mean  diameter:  D21 

a  *  2,  b  *  1 

( 1  v)  volume  mean  diameter: 
a  =  3,  b  =  0 

(v)  volume-length  mean  diameter: 
a  =  3,  b  =  1 

(vi)  volume-surface  mean  diameter  (Sauter  mean  diameter):  D32 
a  =  3,  b  =  2. 


From  the  point  of  view  of  experimental  determination  of  spray 
characteristics,  it  is  useful  to  rewrite  Eq.  (A. 2.1)  as  follows: 


f  lDaf(D)  aD  ] 
[  lDbf(D)  aD  j 


(A.2.2) 


where  f(D)  is  the  percent  number  of  droplets  with  a  diameter  within 
certain  size  increments  aD.  A  typical  example  of  droplet  distribution 
is  shown  in  Table  A. 2.1  (Ref.  34  ).  Using  such  data  various  mean 

diameters  defined  previously  can  be  calculated.  Fig.  A. 2.1  provides 
a  comparison  of  mean  diameters.  For  that  Figure  DNM  is  the  number 
median  diameter  on  either  side  of  which  lie  50  per  cent  of  the  total 
number  of  droplets. 


2.  Effective  Droplet  Oiameter  for  Different  Processes 

A  spray  can  be  considered  in  terms  of  an  effective  mono-dispersed 
spray  that  is  equivalent  to  the  given  spray  with  respect  to  a  chosen 
process.  The  major  processes  of  interest  are  (i)  heat  transfer, 

( 1 i )  mass  transfer,  (ill)  drag  force,  (1v)  centrifugal  force  and  (v) 
droplet  deformation  and  break-up.  In  each  case  it  is  necessary  to 
establish  an  effective  mean  diameter  of  mono -dispersed  spray  that  is 
equivalent  to  the  given  spray. 


--aaauijtejs. 
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TABLE  A. 2.1 

EXAMPLE  OF  DROPLET  SIZE  DISTRIBUTION 


Droplet  Diameter, 
size  represen- 
incre-  ting  Int- 
ment  AD  erval  D 

(y)  (y) 

No.  of  Occur*" 
drop-  rence 
let  coun¬ 
ted  N  f (D)  Df (D) 

(percent) 

D2f(D) 

D3f(D) 

Accumulated 
number  less 
than  D 

(percent) 

0-20 

10 

10 

2.0 

20 

200 

2000 

2.0 

20-40 

30 

40 

8.0 

240 

7200 

216000 

10.0 

40-60 

50 

70 

14.0 

700 

35000 

1750000 

24.0 

60-80 

70 

86 

17.2 

1204 

84280 

5899600 

41.2 

80-100 

90 

82 

16.4 

1476 

132840 

11955600 

57.6 

100-120 

110 

68 

13.6 

1496 

164560 

18101600 

71.2 

120-140 

130 

52 

10.4 

1352 

175760 

22848800 

81.6 

140-160 

150 

36 

7.2 

1080 

162000 

24300000 

88.8 

160-180 

170 

26 

5.2 

804 

150280 

25547600 

94.0 

180-200 

190 

18 

3.6 

684 

129960 

24692400 

97.6 

200-220 

210 

10 

2.0 

420 

88200 

18522000 

99.6 

220-240 

230 

2 

0.4 

72 

21160 

4866800 

100.0 

500 

100 

9608 

1151440 

1. 58702x1 08 
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Frequency  of  Occurance  fMpercent] 


Droplet  Size  Dtyim) 

It  •  ii“*.  i.  i:u:t 
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Accumulated  Number  or  Volume  (% 


(1)  Heat  Transfer 

The  heat  transfer  rate  between  the  gas  phase  and  a  droplet  Is 
given  by  the  relation. 

t\  -  hirD2(Tg  -  y  (A. 2. 3) 

where  Tg  and  Tw  are  the  temperatures  of  gas  phase  and  droplet,  respec¬ 
tively,  and  D  Is  droplet  diameter.  The  heat  transfer  coefficient,  h, 
is  given  by  the  relation, 

h  =  £  {  2.0  +  0.6  (Re)0*50  (Pr)0'33}  (A.2.4) 

where  k  is  the  thermal  conductivity  of  gas  phase.  Re,  the  Reynolds 
number  based  on  relative  velocity,  and  Pr,  the  Prandtl  number. 

For  small  droplets,  that  are  assumed  to  follow  the  gas  path, 

Eq.  (A.2.3)  can  be  written  as  follows: 

q  ■  2.0  kir  D(Tg  -  y  (A. 2. 5) 

The  total  heat  transfer  rate  between  the  droplets  and  the  gas 
phase  Is  proportional  to  the  number  of  droplets  In  the  mixture,  based 
on  unit  volume  or  unit  mass  of  the  mixture.  If  the  spray  consists  of 
a  mono-dispersion  of  droplet  size  equal  to  Dg  and  the  number  density 
Is  ( r^)  ,  t*’en  tf,e  tota^  ^eat  trans^er  *s  proportional  to 
2 

C(ntot)e  *  De  3  according  to  Eq.  A.2.3,  and  is  proportional  to 
C(ntot)e  *  °e^  accorcl1n9  t°  E<J*  A-2.5. 

In  a  given  mixture,  because  of  the  dispersion  in  droplet  sizes, 
one  can  expect  a  total  of  (ntot)  droplets  to  be  distributed  over  a 
droplet  size  range  with  a  droplet  size  maximum  of  D|nax.  The  effective 
mean  diameter  of  an  equivalent  mono -dispersed  spray  for  heat  transfer, 
De,  may  !then  be  written  as  follows  using  Eq.  A. 2. 5. 

("tot).  2*°  k*°e  (Tg  -  V  ’ 

!°r  ("tot5  2>0  k*D  (Tg  '  dD  {A-2-6) 
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Now  (ntot)e  can  be  determined  based  upon  the  surface  area  of  droplets 
or  the  volume  of  droplets  as  follows: 


Based  on  surface  area: 


("tot>e  =  V 


max  n2 
"tot  D 


dN* 

HU 


dD 


(A. 2. 7) 


Based  on  volume: 


^ntot^e 


~k ' ' 


max  n3  dN* 
"tot  D  35  dD 


(A.2.8) 


The  heat  transfer  depends  upon  the  surface  area  of  droplets  while  the 
change  in  droplet  temperature  due  to  heat  transfer  depends  upon  the 
droplet  volume.  Thus,  using  Eqs.  (A. 2. 6)  and  (A. 2. 7),  an  effective 
mean  diameter  based  on  surface  area  can  be  defined  by  the  relation, 
namely 


r  max  n2  3N* 
-  0  3D 


dO 


/ 


max 


3N* 


=  0 


21 


dD 


o  3D 

Similarly,  using  Eqs.  (A. 2. 6) and  (A.2.8) ,  an  effective  mean  diameter 
based  on  volume  can  be  defined  by  the  relation,  namely. 


De- 


/■max  n3  3N* 
Jo  u  3D 


dD 


=  D 


max 


3N*  . 
3U 


dD 


31 


The  effective  mean  diameter  for  heat  transfer  is  then  D n  and  the 
effective  mean  diameter  from  the  point  of  view  of  droplet  temperature 
rise  is  D3j. 


(11)  Mass  Transfer 

The  mass  transfer  rate  is  given  by  the  relation, 

■  *  vD2(cwb  ■  c„>  <A-2-9> 

where  D  is  diameter  of  droplet,  C  and  C  are  water  vapor  concentration 
at  droplet  surface  and  In  fluid  flowing  around  droplet,  respectively. 

The  mass  transfer  coefficient,  hm,  is  given  by  the  relation. 
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(A. 2. 10) 


o  0.50  0.33 

hM  =  (2.0  +  0.6(Re)  (Sc)  } 

m  u 

m  =  2.0  DylrD(Cwb  -  Cw) 

Introducing  the  concept  of  effective  mean  diameter  of  mono-dispersed 
equivalent  spray,  one  can  write 

D 

2-°  VDe<Cwb  -  Cw>  *  Io  ("tot>2-0  V°<Cwb  -  ‘w’fiT110 

(A. 2. 11) 


Based  on  surface  area,  Eqs.  (A. 2. 7)  and  (A. 2. 11)  yield 


V 


/  mx  03  |S*dD 
0  30 


=  D 


/ 


max 


D  IT" 


21 


And  based  on  volume,  Eqs.  (A. 2.8)  and  A. 2. 11)  yield 
t 

li, 


V 


Dmax  n3  3N*wn  ^ 
'o  D  a^dD 


maxD  |N*d0 

1  3L) 


=  D 


31 


The  mass  transfer  rate  depends  upon  surface  area,  while  the  change  in 
droplet  size  due  to  mass  transfer  is  observed  as  a  change  in  droplet 
volume. 


(Hi)  Drag  Force 

The  drag  force  FQ,  can  be  written  as  follows: 

F0  =  pgWr2  (A.2.12) 

where  D  is  droplet  diameter,  pg  is  density  of  gas  phase,  and  Wr  is 
relative  velocity  between  gas  phase  and  droplet.  The  drag  coefficient 
can  be  expressed  by  the  relation. 


where  Re  Is  Reynolds  number  based  on  relative  velocity  and  the 
constants  b  and  n  are  given  as  follows: 
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b  =  24,  n  =  1  for  Re  <  1.9 

b  =  18.5,  n  =  0.6  for  1.9  <  Re  <  500 

b  =  0.44,  n  =  0  for  500  <  Re  <  200,000 

Introducing  the  concept  of  effective  mean  diameter  of  mono-dispersed 

equivalent  spray,  one  can  write, 

(ntot^eCD  2  pgWr  =  j  ^tot^V*0  pgWr  fiT  dD  (A. 2. 14) 

e  o 

It  is  now  useful  to  distinguish  between  large  and  small  values  of 
Reynolds  numbers  for  droplets.  For  small  Re  (Re  <  1.9),  Eq.  (A. 2. 14) 
becomes  n 


<"tot>e  “e  ■  rX("tot>°  IT 


dD 


(A.2.15) 


Based  on  surface  area,  Eqs.  (A. 2. 7)  and  (A.2.15)  yield 
rDmax  q2  lN*dD 

D  «  -4 - - -  *  D21 

g  D _  .ut  21 


/  l"ax  D  |S*dD 
0  30 


And,  based  on  volume,  Eqs.  (A. 2. 8)  and  (A.2.15)  yield 

I 

/, 


De 


r  rDmax  d3 

0  3D  1 


/ 


max 


■=  *T® 


=  D 


31 


For  large  Re  (550  <  Re  <  20,000),  Eq.  (A. 2. 14)  becomes 

Amax 


2  r-max 

^ntot^eDe  =  Jn  ntot  D 


2  3N* 

aU 


dD 


(A. 2. 16) 


Based  on  volume,  Eqs.  (A. 2.8)  and  (A. 2. 16)  yield 


/ 


max  n3  3N* 


oJJSj® 
i°r  o2  ig*  do 


=  D 


32 


For  small  droplets,  from  the  point  of  view  of  drag  force,  the  effective 
mean  diameter  is  D3J,  and  for  large  droplets,  it  is  D^. 
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( 1 v )  Centrifugal  Force 

The  centrifugal  force  acting  on  a  droplet,  F  »  is  given  by 

I# 

F  =  mru?  =  p  (£  D3)ra>2  (A. 2. 17) 

c  w  6 

where  pw  is  density  of  droplet  material,  0  is  droplet  diameter,  r 
is  radial  location  of  droplet,  and  u  is  angular  velocity  of  rotor. 
Introducing  the  concept  of  effective  mean  diameter  of  mono-dispersed 
equivalent  spray  it  follows  from  Eq  (A. 2. 17)  that 

("totWi  De)r“2  =  |  (ntot)pw(|-  D3)r“2  !TdD  (A.2.18) 

o 

Based  on  volume,  Eqs.  (A. 2. 7)  and  (A.2.18)  yield 

d  sy  p3  _  p 

e  /D"«x  02  |N*d0  32 

o 

It  may  be  pointed  out  that  the  centrifugal  force  acting  on  a  droplet  is 
proportional  to  its  mass  and  therefore  volume. 


(v)  Droplet  Deformation  and  Break-up 

The  droplet  deformation  and  break-up  are  generally  related  to 
Weber  number.  We.  The  definition  of  Weber  number  is  as  follows: 


where  o  is  surface  tension  of  droplet.  is  relative  velocity,  D  is 
diameter  of  droplet  and  pg  Is  density  of  gas  phase.  Introducing  the 
concept  of  effective  mean  diameter  of  mono-dispersed  equivalent  spray, 
it  follows  that 


(A.2.19) 
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Based  on  surface  area,  Eq.  (A. 2  19)  yields 
/•Dmax  n2  3N*Hn 

D  .  D  1PdD  .0 
e  Dmay  «*  21 

fmx  D  dD 
o 

It  may  be  pointed  out  that  droplet  break-up  and  deformation  processes 
should  be  examined  both  In  relation  to  droplet  surface  area  since 
the  equilibrium  of  a  droplet  depends  upon  the  action  of  surface  forces. 

In  suimiary,  the  effective  diameters  for  equivalent  mono-dispersed 
spray  become  D2j,  D31  and  "from  the  point  of  view  of  various  process 
es.  For  a  given  spray  it  is  possible  to  calculate  such  effective 
diameter  values.  Now,  when  two  sprays  are  compared,  it  is  in  practice 
impossible  to  obtain  identical  values  for  the  two  sprays  for  all  three 
of  the  effective  diameters.  However,  the  concept  of  effective  mean 
diameter  yields  a  simple  and  direct  method  of  comparing  two  sprays  for 
a  chosen  process.  It  appears  that  sprays  for  which  D21  and  are 
nearly  the  same  should  prove  equivalent  for  most  of  the  processes  in 
the  current  investigation. 
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APPENDIX  3 


CHARACTERISTIC  LENGTHS  AND  TIMES 


The  characteristic  lengths  and  times  may  be  divided  into  three  groups 
as  follows. 

(1)  Test  compressor  parameters; 

(2)  Spray  characteristics;  and 

(3)  Compressor  process  parameters. 

3.1.  Test  Compressor  Parameters 

The  principal  parameters  of  the  Test  Compressor  are  presented  in 
Table  A. 3.1.  They  are  divided  into  the  following  groups. 

(i)  geometrical  parameters;  and 
(11)  typical  times. 


3.2.  Spray  Characteristics 

The  data  for  two  injectors  selected  for  experimental  studies  are 
presented  in  Table  A. 3. 2  and  A. 3. 3. 

The  relevant  spray  characteristics  for  those  injectors  are  given  in 
Table  A. 3.4  and  A. 3. 5. 


3.3.  Process  Parameters 


There  are  five  processes  of  interest  during  water  Ingestion: 
(1)  equilibration  of  droplet  and  gas  phase  velocities. 


TABLE  A. 3.1 

CHARACTERISTIC  LENGTHS  AND  TIMES 
FOR  TEST  COMPRESSOR 


air  residence  time 

in  a  blade  row 

'v*  0.08  msec 

air  residence  time 

In  a  stage 

^  0.16  msec 

air  residence  time 

in  compressor 

1.3  msec 

time  for  one  revolution  of  rotor 

^  1.2  msec 

Gemoetrlcal  Parameters 

Compressor  inlet  diameter 

^  11.4  cm 

overall 

length  of  compressor 

^  20.3  cm 

Rotor  Blade 

Stage 

Height  (cm) 

Chord  (cm) 

Aspect  Ratio 

1 

3.53 

1.54 

2.17 

2 

2.86 

1.41 

1.93 

3 

2.36 

1.36 

1.67 

4 

1.99 

1.30 

1.47 

5 

1.71 

1.23 

1.34 

6 

1.50 

1.16 

1.24 

Stage  Blade 

Stage 

Height  (cm) 

Chord  (cm) 

Aspect  Ratio 

IGV 

3.53 

2.83 

1.25 

1 

3.14 

1.12 

2.67 

2 

2.59 

1.05 

2.35 

3 

2.16 

1.05 

1.98 

4 

1.77 

1.05 

1.68 

5 

1.58 

1.05 

1.47 

6 

1.32 

1.05 

1.41 

Note:  Typical  times  are  estimated  at  design  point  operation. 
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TABLE  A. 3. 2 


INJECTOR  CHARACTERISTICS  FOR  UNIJET  NOZZLE* 


Pressure  Capacity 


{gallons  _3 

Per  (— )  Spray  Angle 

(psig)  (N/m2)  minutel  sec  (degree) 


15 

2.05 

X 

TO5 

0.12 

7.56 

X 

10'6 

— 

20 

2.39 

X 

10s 

0.14 

8.82 

X 

10“6 

58 

30 

3.08 

X 

105 

0.17 

10.71 

X 

10'6 

— 

40 

3.77 

X 

105 

0.19 

11.97 

X 

10-6 

59 

60 

5.15 

X 

105 

0.23 

14.49 

X 

10’6 

— 

80 

6.53 

X 

105 

0.26 

16.38 

X 

10‘6 

— 

100 

7.91 

X 

105 

0.30 

18.90 

X 

10‘6 

53 

*  1/4  TTG1  (full  cone  spray  pattern)  manufactured  by  Spray  System 
company. 
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TABLE  A. 3. 3 


INJECTOR  CHARACTERISES  FOR  ATOMIZING  NOZZLE'*' 


Pressure 


(pslg)  (N/m2) 


Capacity 


(gallons 
per 
hour  ) 


Spray  Angle 
(degree) 


30 

3.08  x  10s 

5.2 

5.46  x  10‘6 

--- 

40 

3.77  x  105 

6.0 

6.30  x  10"6 

73 

60 

5.15  x  105 

7.3 

7.67  x  10"6 

— 

80 

6.53  x  105 

— 

— 

79 

100 

7.91  x  105 

9.5 

9.98  x  10‘6 

- — 

+l/4  LNN6  (hollow  cone  spray  pattern)  manufactured  by  Spray  System 
Company 


i 
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TABLE  A. 3. 4 


SPRAY  CHARACTERISTICS  FOR  UNIJET  NOZZLE 


Droplet  Size  (um) 

At 

10  osig 
(1.70  x  105 
N/m2) 

Pressure 

40  pslg 
(3.77  x  105 
N/m2) 

Of 

100  psig 
(7.91  x  106 
N/m2) 

DnP.5 

(number  median  diameter) 

498 

421 

276 

Dio 

(number  mean  diameter) 

581 

472 

300 

Da 

(area  mean  diameter) 

683 

535 

332 

D30 

(volume  mean  diameter) 

781 

598 

362 

D2i 

(area-number  mean  diameter) 

802 

607 

367 

°31 

(volume-number  mean  diameter) 

904 

672 

398 

D32 

(sauter  mean  diameter) 

1020 

744 

432 

DM}.5 

(volume  median  diameter) 

1190 

847 

481 
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TABLE  A. 3. 5 


SPRAY  CHARACTERISTICS  FOR  ATOMIZING  NOZZLE 


At  Pressure  Of 


Droplet  Size  (um) 

25  psig 
(2.74  x  105 
N/m2) 

40  psig 
(3.77  x  105 
N/m2) 

100  psig 
(7.91  x  105 
N/m2) 

no.  5 

(number  median  diameter) 

80 

71 

62 

D10 

(number  mean  diameter) 

91 

81 

68 

°20 

(area  mean  diameter) 

104 

92 

77 

°30 

(volume  mean  diameter) 

117 

103 

85 

D2i 

(area-number  mean  diameter) 

119 

105 

86 

°31 

(volume-number  mean  diameter) 

132 

117 

95 

t>32 

(sauter  mean  diameter) 

147 

130 

105 

°V0.5 

(volume  median  diameter) 

169 

148 

118 

(.it)  attainment  of  thermal  equilibrium  between  droplets  and  gas 
phase, 

(111)  attainment  of  equilibrium  with  respect  to  humidity, 

(iv)  attainment  of  equilibrium  with  respect  to  mass  transfer  due 
to  evaporation,  and 

(v)  adjustment  of  droplet  size  based  on  Weber  number.  They  may 
be  defined  as  follows. 


3.3.1  Relaxation  Time 


When  some  property  $  of  a  medium  is  displaced  from  its  equilibrium 
value  <p0  and  restoration  to  equilibrium  occurs  at  a  finite  rate,  the  sub¬ 
stance  is  termed  a  relaxing  medium.  The  simplest  system  is  defined  by 
the  proportionality: 

d<f> 

— —  *(<}>-  4>0) 
dt 

The  system  can  be  characterized  by  the  constant  of  proportionality 
and  may  be  written 

d  <p  1 

- = - (41  -  4>0) 

dt  t 


where  t  is  known  as  the  relaxation  time.  This  equation  can  be  integrated 
simply  to  give  the  familiar  exponential  decay  of  <p  to  equilibrium 


<t>  -  <Po 
<Pi  -  <t>o 


exp(-t/x) 


where  ^  is  the  initial  displaced  value.  The  physical  significance  of 
relaxation  time  may  be  described  as  follows:  It  represents  the  time  from 
release  at  $1  in  which  the  displacement  amplitude  reduces  to  1/e  *  0.3679 
of  the  original  value. 


(1)  Inertial  Relaxation 


273 


Drag  forces  on  the  water  droplets  in  the  mixture  tends  to  reduce 
the  velocity  of  the  gaseous  phase  relative  to  the  droplets.  The  in 
equilibrium  occurs  when  the  velocities  of  gaseous  and  liquid  phases  are 
not  equal. 

The  rate  of  velocity  change  for  a  droplet  can  be  written  as  follows. 


^w 

dt 


where  Vw  and  V  are  velocities  of  droplet  and  gaseous  phase.  The  iner¬ 
tial  relaxation  time,  Tj,  is  given  by  the  following. 


pfD2 

Tj  =  - 

’V 

where  ug  is  viscosity  of  gaseous  phase  and  f  is  the  ratio  of  drag  coef- 

ricient  and  Stokes'  drag  coefficient. 

Estimated  values  of  inertial  relaxation  time  for  several  droplet 
sizes  are  presented  in  Table  A. 3. 6. 


(ii)  Thermal  Relaxation 


A  mixture  of  water  droplets  and  air  is  not  in. thermodynamic  equili¬ 
brium  when  the  temperature  of  the  gaseous  phase  differs  from  that  of  the 
water  droplets. 

The  rate  of  temperature  change  for  a  droplet  can  be  written  as 
follows. 


dt 


1 

<TW  "  Tg) 

tT 


where  Twand  T^are  temperatures  of  water  droplet  and  gaseous  phase, 
thermal  relaxation  time,  tt,  is  given  by  the  following. 


The 
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TABLE  A.3.6 


CHARACTERISTIC  TIMES  FOR  SOME  PROCESSES 


DURING  WATER  INGESTION 


(1)  Inertial  Relaxation 

Inertial  relaxation  time 
inertial  relaxation  time 
Inertial  relaxation  time 


^  0.6*  ysec  for 
~  3.4*  ysec  for 
•v*  0.2+  sec  for 


(11)  Thermal  Relaxation 


thermal 

relaxation  time 

•x.  10 

usee 

for 

thermal 

relaxation  time 

^  4 . 

msec 

for 

thermal 

relaxation  time 

'u  0.7 

sec 

for 

Droplet  rupture  time  *  0.03  to  0.1  msec  for 
Droplet  rupture  time  ^  0.3  to  1.2  msec  for 
Droplet  rupture  time  ^1  to  3  msec  for 


ITl 

lulSj 


♦assumed  relative  velocity  Is  zero. 
+assumed  relative  velocity  Is  30  m/s. 
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pfV' 


(2.0  +  0.6  Re 


0.33-1 

Pr  ) 


where  pf  is  density  of  droplet,  cw  is  specific  heat  of  water,  D  is  dia¬ 
meter  of  droplet,  kg  is  thermal  conductivity  of  gaseous  phase,  Pr  is 
Prandtle  number,  and  Re  is  Reynolds  number  based  on  the  relative  velocity. 

For  a  small  droplet,  since  Re  is  small,  the  thermal  relaxation  time 
may  be  written  as  follows. 

»fs y 


Estimated  values  of  thermal  relaxation  time  for  several  droplet 
sizes  are  presented  in  Table  A. 3.6. 

3.3.2  Droplet  Rupture  Time 

The  stability  of  droplets  moving  through  a  gaseous  atmosphere  de¬ 
pends  mainly  upon  the  ratio  of  aerodynamic  pressure  forces  tending  to 
deform  it  and  surface-tension  forces  causing  its  shape  to  remain  spheri¬ 
cal.  This  ratio  is  usually  expressed  by  the  Weber  number.  At  low  values 
of  Weber  number  (slow  relative  speed  or  small  droplet  diameter),  droplets 
remain  nearly  spherical.  If  the  critical  Weber  number  for  break-up  is 
sufficiently  exceeded,  disruption  of  a  water  droplet  occurs  within  a  very 
short  time.  The  order  of  droplet  disruption  time  is  typically  given  by 
the  following  (Ref.  17) 


Tmpt  -  f0-3"' 


where  a  is  surfice  tension  of  water  droplet. 

Estimated  values  of  droplet  rupture  time  for  several  droplet  sizes 
are  presented  in  Table  A. 3.6. 


3.3.3  Evaporation  Time 

(i)  Droplet  Evaporation  with  Negligible  Relative  Velociety  with 
Respect  to  Gas  Phase. 


Under  negligible  relative  velocity  conditions,  the  evaporation  time 
can  be  deduced  from  a  heat  balance  over  a  droplet.  The  rate  of  mass 
transfer  from  a  saturated  surface  may  be  expressed  by  the  relation, 
namely, 

-H  —  ■  h  AfiT 

^  dt  c 

where 

Hy  =  latent  heat 
m  =  mass  of  droplet 

h.  =  convection  heat  transfer  coefficient 
c 

A  =  surface  area  of  droplet 

aT  =  temperature  difference  between  droplet  surface 
and  surrounding  air 

Since  m  =  D3prf  where  is  density  of  droplet  and  D  is  diameter  of 
droplet,  Eq.  (A. 3.1)  may  be  written  as 


dt  *  '  20T  d(D) 


(A. 3. 2) 


The  term  ,  Hvpd  ,  remains  constant  during  the  evaporation  (Ref. 35  ). 
2  aY  ' 


Integration  of  Eq. (A. 3. 2)  yields  the  evaporation  time  namely, 

(A. 3. 3) 


t  .  Vd  Do  d(D) 

*  "  TST  ;B 


Experimental  data  have  shown  that  heat  transfer  to  a  spherical 
droplet  in  still  air  can  be  expressed  as 


277 


Nu 


(A. 3.4) 


Under  the  negligible  relative  velocity  condition,  by  using  Eq(A.3.4), 
Eq(A.3.3)  becomes 


Hvpd 

401 


fDo 


D  d(D) 


Hvpd  .2  2 

8KjT~  (°0  "  D  ) 
HvPd  Do  D  2 


{1  "%0)  } 


(A. 3. 5) 


Equation  (A. 3. 5)  is  presented  graphically  in  Figure  A. 3.1 


(ii)  Droplet  Evaporation  with  Large  Relative  Velocity  with  respect 
to  Gas  Phase 


The  vaporization  rate  of  a  pure  liquid  drop  may  be  expressed  as 
follows  (Ref. 36): 

0-5 


dm  aT  K  a 

~dt =  iv  *Dh<7* 


Nu 


(A. 3. 6) 


where  H  =  latent  heat  of  vaporization 
v 

D  =  droplet  diameter 

aT  =  temperature  difference  between  droplet  surface  and  surrounding 
air 

Ka  =  thermal  conductivity  of  air 

Kv  =  thermal  conductivity  of  water  vapor 

Re  =  Reynolds  number  based  on  droplet  diameter  and  relative  velocity 

Sc  =  Scmldt  number 

Nu  =  2.0  +  0.303  (Re  *  Sc)°’6 
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Evaporation  Time  (sec) 


Fig.A.3.1  Evaporation  Time  with  Negligible 
Relative  Velocity  Effect 
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In  order  to  determine  the  time  required  for  a  droplet  of  a  given 
diameter  to  vaporize  completely,  Eq.(A.3.6)  may  be  rewritten  as  follows. 

Pd  Hv  1  D  d(D) 


a  v 
4K  aT 

a 


(r) 


(A. 3. 7) 


where  is  density  of  droplet. 

Integrating  equation  (A. 3. 7)  yields  the  total  evaopration  time. 


J?  a 


D  d(D) 

1  +  0.152  (Re  •  Sc] 


(A. 3.8) 


where  a  = 


’d  Hv 
4K  AT 

u 


Db=  droplet  original  diameter 

From  the  definition  of  Reynolds  number  and  Schmidt  number,  the 
term  0.152  (Re  •  Sc)0,6  can  be  expressed  as  follows. 

D  V  <s  T  v  0.6 

0.152  (Re  *  Sc)°-6=( - —  *  - )  *  0.152 

»  PaMavDv 


W^av0*6 
=  CP-6-  (tnrnr1) 


0.152 


a  av  v 


where  d-  0.152 


=  e.  F-6 


a  av  v 


Vr  =  relative  velocity  between  droplet  and  surrounding  air. 

Pa  =  density  of  surrounding  air 
1?  =  universal  gas  constant 

av  *  average  temperature  between  droplet  surface  and  surrounding  air 
Pa  ■  pressure  of  surrounding  air 

a  *  average  molecular  weight  between  droplet  and  surrounding  air 


Dy  *  vapour  diffusivlty 

Then  Eq. (A. 3.8)  becomes  the  following. 

Cb  <*D 
t  s  fD  T~+~TUnv 

or 

Cb  ax 

t  =  fD  1  +  ex  a-6  dx  (A. 3. 9) 

Using  Simpson's  method,  Eq.(A.3.9)  can  be  integrated  numberically. 
The  results  are  presented  in  Figures  A. 3. 2  to  A. 3.4. 


3.3.4  Evaporation  Time  With  Boiling 

If  the  temperature  of  a  water  droplet  reaches  the  local  saturation 
temperature,  the  water  droplet  undergoes  boiling  provided  there  is  adequate 
heat  available  in  the  gas  phase  and  one  has  to  consider  the  boiling  heat 
transfer. 

The  vaporization  rate  can  be  calculated  from  Eq.(A.3.6)  if  the 
Nusselt  number  based  on  the  boiling  heat-transfer  coefficient  is  used. 
However,  the  mechanism  of  boiling  in  forced  convection  is  complex  and 
no  fundamental  theory  is  yet  available  to  predict  the  boiling  heat- 
transfer  coefficient  for  forced-convection  boiling. 

The  remaining  procedure  for  calculating  evaporation  time  is  the 
same  as  described  in  Section  3.3.3  of  this  Appendix. 
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Fig.A.3.2  Evaporation  Time  with  Effect  of 
Relative  Velocity 


Temperature  Difference  AT  CD 


Fig.A.3.3  Evaporation  Time  with  Effect  of 
Relative  Velocity 


Temperature  Difference  AT  (°F) 


Evaporation  Time  (sec) 


Fig.A.3.4  Evaporation  Time  with  Effect  of 
Relative  Velocity 
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APPENDIX  4 


AEROTHERMODYNAMIC  EQUATIONS  FOR  TWO-PHASE  FLOW  IN  COMPRESSORS 


The  aero thermodynamic  equations  for  two-phase  flow  In  compressors 
are  developed  based  upon  the  following  assumptions: 

(1)  The  two  phase  mixture  consists  of  a  gas  phase  with  air  and 
water  vapor,  and  a  liquid  phase  with  droplets  of  sizes  d  and 
D.  Droplets  of  size  d  (referred  to  hereafter  as  d-droplets) 
belong  to  the  class  of  "small"  droplets  and  those  of  size  D 
(referred  to  hereafter  as  D-droplets)  belong  to  the  class  of 
"large"  droplets. 

(2)  The  gas  phase  is  a  perfect  gas  continuum.  When  several  gases 
are  present,  they  are  assumed  to  be  thoroughly  mixed  and  in 
thermodynamic  equilibrium. 

(3)  The  water  droplets  are  finely  divided  so  that  any  volume 
element  considered  contains  many  droplets,  and  the  major 
length  scale  of  the  problem  is  assumed  to  be  large  compared 
with  the  droplet  dimension.  Then  the  droplets  may  be  treated 
from  a  continuum  viewpoint.  However,  they  are  supposed  to 

be  not  numerous  enough  to  contribute  to  pressure.  While  the 
droplet  and  gas  are  two  contl nua,  co-existing  In  space  and 
interacting  with  each  other  through  the  transfer  of  heat,  mass, 
and  momentum,  the  droplets  are  sufficiently  separated  so  that 
the  (local)  field  of  any  droplet  Is  Independent  of  the  field  of 
other  droplets. 

(4)  Not  withstanding  the  assumption  of  continuum  for  droplets, 
momentum,  heat  and  mass  transfer  arise  between  the  gas  and 
liquid  phases. 

Other  features  of  the  balance  equations  are  discussed  In  the  following 
whenever  appropriate. 
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The  balance  equations  for  a  compressor  flow  consist  of  the 
following. 

(1)  mass  balance; 

(ii)  momentum  balance; 

(ill)  energy  balance;  and 

(iv)  radial  equilibrium  or  another  equation  to  provide  a  means 
of  Inter-relating  spanwise  distributions. 

In  the  present  formulation,  a  radial  equilibrium  equation  has  been 
developed. 

The  compressor  aerothermodynamlc  equations  developed  here 
are  based  on  Refs.  11  and  30 • 

The  equations  are  developed  in  an  absolute  frame  of  reference  in 
Section  1  of  this  Appendix.  The  basic  equations  are  presented  using 
two  kinds  of  coordinate  systems,  namely  intrinsic  and  cylindrical 
coordinate  systems.  Furthermore,  the  equations  are  transformed  Into 
coordinate  systems  that  are  stationary  with  respect  to  a  rotating  blade 
row.  In  Section  2  of  this  Appendix,  a  description  of  coordinate  systems 
is  provided.  In  Section  3  of  this  Appendix,  the  so-called  one-dimension¬ 
al  equations,  applicable  to  a  chosen  radial  location  of  a  compressor, 
are  derived.  Finally,  the  application  of  one-dimensional  equations  is 
discussed  in  Section  4. 


4.1  Derivation  of  Basic  Equations 

A.  Mass  Balance  Equation 
Gas  phase 

The  balance  of  mass  for  the  gaseous  phase  requires  that  the  time 
rate  of  change  of  mass  in  a  volume  V,  which  moves  with  the  substance 
under  consideration,  be  equal  to  the  rate  at  which  water  vapor  is  added 
to  the  volume  by  evaporation.  This  may  be  expressed  as  follows. 
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3_ 

3t 


Pg  dV  + 


p  u  .  n.  dS 

g  gi  i 


)dV 


where  mgd  and  m^  are  evaporation  rate  per  unit  volume  of  mixture  of 
d-droplet  and  D-droplet,  respectively,  and  Is  the  bulk  gas  density 
defined  as  mass  of  gas  per  unit  volume  of  mixture. 


Using  Gauss  Divergent  Theorem,  the  above  equation  becomes  the 
foil owl ng: 


at1  +  “It  (pg  “gi5 


dV  = 


)dV 


Since  the  above  equation  holds  over  an  arbitrary  volume,  it  must  hold 
point  by  point.  Hence  one  can  obtained  the  differential  equation, 
namely. 


at 


“gi1 


m 


i  .  +  m 

ed  eD 


(A. 4.1) 


which  is  the  mass  balance  equation  for  the  gaseous  phase  per  unit  vol¬ 
ume  of  mixture.  Since  the  bulk  density  of  gas  phase,  p^  ,  Is  equal  to 

«  p„,  where  <*  and  p  are  the  volume  fraction  and  actual  density  of  gas 
9  9  9  9 

phase,  Eq.  (A. 4.1)  can  be  written  as  follows. 


~3t  (Vs> 


ax,  (Vs 


V  ■ 


m 


ed  +  meD 


(A.4.2) 


Liquid  phase 

In  a  similar  manner,  one  can  develop  the  mass  balance  equation  for 
the  liquid  phase.  Denoting  the  bulk  densities  of  d-  and  D-droplets  by 
and  pq  ,  defined  as  the  mass  of  d-  and  D-droplets  per  unit  volume  of 
mixture,  and  the  velocity  vector  of  the  mass  motion  of  d-  and  D-droplets 
by  ud1  and  u^  ,  the  mass  balance  equations  for  d-  and  D-droplets  per 
unit  volume  of  mixture  become  the  following. 


d-droplet 


3t 


udt> 


(A.4.3) 
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(A.4.4) 


D-droplet 

3pD  a  .  i  . 
at"  +  asTj*  PD  UD1  *  "  meD 

Using  the  relations  p^  *  p^  and  Pp  «  pw<*p  ,  where  and  dp  are  the 

volume  fraction  of  d-  and  0-droplets  and  p  Is  the  material  density  of 

w 

water,  Eqs.  (A. 4. 3}  and  (A.4.4)  can  be  written  as  follows. 


at  (pwad}  +  ax.  (pw°d  udi^  =  '  med 


at  ^pwaD^  +  axi  ^pw°D  uDi^  =  "  meD 


(A.4.5) 

(A.4.6) 


The  continuity  equation  for  the  mixture  (gas  +  d-droplet  +  D-droplet) 
becomes  the  following. 


at  (pg  +  pd  +  p[P  +  axi  ^pg  ugi  +  pdudi+  PD  UD1^  =  0  (A.4.7) 


or 


-It  (yg  *  Vw  *  v«> +  sr,  <yg  “9i +  v«  “<n  +  v«  uoi>  * 0 

(A.4.8) 


B.  Momentum  Balance  Equation 
Gas  phase 

The  momentum  vector  per  unit  volume  of  mixture  is  p^  ug^  ,  and  the 
time  rate  of  change  in  the  total  momentum  of  the  moving  region  is 


Mlk  u9< dv  +  Ik  “gi  “gi  nJ ds 

s 

Using  the  divergent  theorem,  this  becomes 


It  “gi  “g1> 


d  V 


(A.4.9) 


The  gaseous  phase  Is  acted  upon  by  two  distinct  sets  of  forces: 

(1)  those  Imposed  by  the  presence  of  the  droplets;  and  (11)  those  stresses 
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related  to  the  gas  phase  Itself.  The  external  body  force  due  to 
gravitational  fields  Is  explicitly  neglected.  The  forces  per  unit  vol¬ 
ume  of  mixture  acting  upon  the  gaseous  phase  due  to  d-  and  D-droplets 
are  denoted  by  FIgdi  and  FIgDr  Internal  stresses  set  up  within  the 
gaseous  phase  are  assumed  to  be  of  the  same  form  as  those  which  would 
exist  in  the  absence  of  the  liquid  phase,  since  the  volume  fraction 
occupied  by  the  liquid  phase  is  assumed  to  be  small.  Under  these  con¬ 
ditions,  the  stresses  in  the  gaseous  phase  may  be  written  as  follows. 


where  is  the  effective  coefficient  of  viscosity.  The  pressure,  p. 

Is  the  local  scalar  pressure  corresponding  to  the  local  temperature  and 
density  through  the  equation  of  state.  Thus,  the  forces  acting  upon 
the  volume  of  matter  under  consideration  are 

ffKldl  +  FIgDi>  dV  *  «1J  "j  dS  • 

V  s 

Under  the  conditions  of  ordinary  fluid  mechanics  with  no  Internal  source 
for  gas  phase,  the  time  rate  of  change  of  momentum,  Eq.  (A. 4. 9),  would 
be  equated  to  the  external  forces,  Eq.  (A. 4. 11).  However,  there  Is  an 
additional  source  of  momentum  in  two  phase  flow  due  to  the  creation  of 
gaseous  medium  by  evaporation  of  the  droplet.  In  accounting  for  this 
process,  we  assume  that  since  the  phase  transition  takes  place  at  the 
surface  of  a  droplet  the  mass  is  added  to  the  gaseous  phase  at  the  drop¬ 
let  velocity.  Therefore,  the  momentum  added  per  unit  volume  of  mixture 
due  to  vaporization  Is 

Ud1  *  "eD  uDt>  dV 

Thus,  the  complete  relationship  for  the  change  of  momentum  of  the  gaseous 
phase  Is  as  follows. 
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3t  (pg  ug1}  +  ax/pg  Ug1  ug1M  dV  =  Jjj  (FIgdi+  FIgD1)  dV 


+  II  "j  dS 


+  (med  Ud1  +  meD  UD1>  dv 


Using  the  divergent  theorem,  this  becomes 


\\\'  3t  (pg  ugiJ  +  ax.(pg  Ug1  ugi}  "  '  (FIgdi  +  FIgDi 

■>  J 


^ed  udi  +  ”eD  UD1>  [dV  =  0 


Thus,  the  momentum  balance  equation  for  gas  phase  per  unit  volume  of 
mixture  becomes  the  following. 


1t<»sU9l,+  »,<P9  V  V 
9t 

=  ■  H.J  +  a3^  +  FIgdi  +  FIgDi  +  med  udi  +  meD  uDi 

Since  p'  =  a  o  ,  this  equation  may  be  rewritten  as  follows, 
g  g  g 

It  <Vs  V  *  H/Vg  “gi  V 

’  *  If,  +  ^  *  FIgd1  +  FI9D1  +  ™ed  Ud1  +  “eO  UD1 


(A.4.12) 


(A. 4. 13) 


Liquid  phase 


Arguments  similar  to  those  for  the  gas  phase  lead  to  the  momentum 
balance  equation  for  droplets  per  unit  volume  of  mixture. 
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d-droplets 


M,(»d  “dl  “dt> 


or 


FIgd1  "  med  udt 


It  {adpw  "di*  +  Ix/Vw  Udi  udi} 


‘  FIgd1  "  med  udi  (A. 4. 14) 


D-droplets 


3t(pDuDi)+  3x^pD  uDi  “ 


FIgDi  "  meD  uDi 


or 


It  *aDpw  UD1}  +  L,(aDpw  uDi  UD1>  =  '  FIgD1  *  meD  uDi 


(A.4.15) 


(A. 4. 16) 


From  Eqs.  (A. 4. 13),  (A.4.15)  and  (A. 4. 16),  the  momentum  balance  equation 
for  mixture  becomes: 


at  (Vg  ugi+  “dpw  udi+  Vw  “di* 


3t,  j 


+  — —  (ot  p  u  .  U  .+  a  .p  Ujj  U  . .  +  ar.P  Up. .  U- . )  ~  —  7^  +  '  ^ 

ax.j  g  g  gi  gi  dMw  di  dl  Dpw  Di  Di'  3x^  3xi 

Using  the  mass  balance  equation,  Eqs.  (A. 4. 13),  (A.4.15),  and  (A. 4. 16) 
become  the  following. 

Gas  phase 


‘Vs’  (  H  +  ugj  !xj>  "gi 


at.i 


=  FIgdi  +  FIgDi  "  axi  -«1 


-  +  «:'•  +  ",D(U01  ’  ug1>  +  "ed<udi  -  ug1> 


(A.4.17) 


Liquid  phase 
d-droplet 

(°dpw*  (  ft  +  udj  Ix^  udi 


-  -  F 


Igdi 


(A.4.18) 
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D-droplet 


(aDpw)(  at  +  UDj  ax.J  UDi  =  “  FIgDi 

J 


(A.4.19) 


C.  Energy  Balance  Equation 


Gas  phase 


Denoting  the  internal  energy  per  unit  mass  of  the  gaseous  phase  by 
eg  .  the  change  of  energy  with  respect  to  time  of  the  gaseous  phase  in  a 
volume  V  at  time  t  is 

ft  \\k  (e9  +  Hi  V  dV  +  Ik  <e9  *  Hi  V  “gl  "j  dS 

V  s 

=  Jf  (  ft  [»g<eg  +  ?  VV]  +  k  [°9<e9  +  KiVv]  I  dV 

tf  ^ 


(A.4.20) 

Work  is  done  on  the  gaseous  phase  by  surface  stresses  represented  by 
the  stress  tensor,  ,  and  by  the  force  Fjgdi  and  Fj  D-  exerted  by  the 
liquid  phase.  The  work  done  on  the  volume  V  by  external  forces  is  then 
given  by  the  following: 

II  aiJ  Ugi  dS  +  HI  Fl9Di  uDi  dV  +  HI  FIgdi  udi  dV 


=  HI  '  lx,(aij  ugiJ  +  FIgDi  uDi  +  FIgdi  udi 
V  l  3 


There  is  an  exchange  of  energy  due  to  phase  change.  This  takes 
place  very  close  to  the  liquid  surface.  The  kinetic  energy  associated 
with  the  vapor  that  is  produced  may  more  nearly  correspond  to  the 
velocity  of  the  droplet.  Similarly,  the  internal  energy  of  the  vapor 
may  be  taken  to  correspond  to  the  vapor  internal  energy  at  the  droplet 
temperature,  since  that  is  the  gas  temperature  immediately  adjacent  to 
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the  droplet.  Furthermore  when  evaporation  takes  place,  the  specific 
volume  Increases  and  this  Increase  In  specific  volume  does  work  against 
pressure.  This  work  Is  given  by  the  following. 


p  <yy  -  y 

where  v  (T  )  and  v  are  the  specific  volume  of  vapor  and  water  at  the 

g  p  p 

local  droplet  temperature,  respectively.  Since  vg(Tp)  =  Cl/pg(Tp)3 
and  vp  =  (1/Pp).  and  considering  that  pg(Tp)  «  Pp»  the  work  done 
on  the  gas  phase  due  to  increase  of  specific  volume  may  be  written  as 
follows 

p  ( W  "  V  "  P  ^Pg(Tp)  ‘  “p^  T  Pg(Tp)  (A.4.21) 

When  evaporation  occurs,  the  gaseous  phase  has  to  supply  latent 
heat  to  the  liquid  phase.  Then,  denoting  the  internal  energy  of  water 
vapor  at  the  local  droplet  temperature  by  eg(Tp)  »  the  energy  change 
per  unit  time  due  to  phase  change  is  given  by  the  following. 


medieg<V  *  ruD1u0t  +  dV 

V  eg(Td>  *  I  ud1udi  +  -  4Hv  dV 


(A.4.22) 


Next,  one  has  account  for  the  heat  transfer  between  the  gas 
and  the  liquid  phases.  If  Qg(j  and  Qg0  represent  the  heat  transfer  rate 
per  unit  volume  of  mixture  from  the  gas  phase  to  the  d-  and  D-droplets, 
the  energy  change  due  to  this  process  is  given  by  the  expression  * 

-  JJ/CQgd  *  V  IV  (A. 3. 23) 

V 

Using  Eqs.  (A. 4. 20)  to  (A. 4. 23),  the  energy  balance  equation  for  the 
gas  phase  may  be  written  as  follows. 
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+  "ed  {eg(Td)  +  2  udiudi  +  ^?TJ)  "  AV 

+  raeD  {eg<V  +  r uD1uDi  +  -  aHv}  (A. 4. 

where  Fg  Is  the  external  shaft  work  per  unit  time  per  unit  volume  of 
mixture  done  on  the  gas  phase. 

Liquid  phase 

Similarly,  the  energy  balance  equation  for  d-  and  D-droplets  can 
be  derived  as  follows. 


d-droplet 

ft  {pd(ed  +  2udiudi)}  +  {p*  + 


ax,  d  udj'cd  '  2  di  di 

J 


"  FIgd  udi  "  med(ed  +  2udiudiJ  +  Qgd  +  ^d 


D-droplet 


3t  {pD(eD  +  2UDiUDi)}  +  3x.  {pD  UDj(eD  +  |uD1UDi)} 

J 


”  FIgDi  uDi  "  meD(eD  +  2UDiuDiJ  +  ^gD  +  PD 


(A.4.5 


(A.4.J 


where  and  represent  the  shaft  work  per  unit  volume  of  mixture 


done  on  the  d-  and  D-droplets,  and  e^  and  e^  represent  the  internal 
energy  of  d-  and  D-droplets  per  unit  mass. 


The  energy  balance  equation  for  the  mixture  can  be  obtained  from 
Eqs.  (A. 4. 24)  to  (A. 4. 26)  as  follows. 


Tt  jpg(eg  +  k  ugiug1)  +  pd(ed  +  \  ud1udi}  +  PD^e0  +  7  UD1UD1  >j 
+  IxJ  [pg  ug1(eg  +  f  ug1ug1)  +  Pd  udj(ed  +  iud1ud1>  +  PD  uDj<eD 

+  f UD1UD1^}  "  It  (a1j  ug1J  +  ^g  +  ^d  + 


+  m 


ed 


eg(Td>  -  ed 


4H. 


eg(TD^  eD  + 


(A.4.27) 


The  quantities  ed  and  e^  represent  the  thermodynamic  Internal  energy 
of  the  d-  and  D-  droplets*  and  AHy  represents  the  latent  heat  of  phase 
transition  which  Is  defined  by  the  relation,  namely, 


ep  +  AHy  -  hg(Tp)  (A.4.28) 

where  ep  denotes  the  Internal  energy  per  unit  mass  and  hg(Tp)  Is  the 
enthalpy  of  the  gaseous  phase  per  unit  mass  at  the  local  droplet  tempera¬ 
ture,  T  . 

Using  Eq.  (A.4.28),  the  last  two  terms  of  Eq.  (A.4.27)  disappear 
and  one  obtains: 


3 

3t 


axj 


pg<eg  *  I  Vgi>  +  pd(ed  +  \  udl“d1>  +  PD<V  7  u01u0d> 

"g  V'g  +  z  “gfV  +  pd  udj(ed  *  iudiudi> 

\ 


+  PD  UDj(eD  +  2  UD1U01 ^ 


axj(a1j  ug1}  +  Pg  +  ^d  +  ^0  * 


(A.4.29) 


Equations  (A. 4. 24)  to  (A. 4. 26)  may  be  transformed  Into  forms  that 
correspond  more  clearly  to  the  usual  energy  equation  for  a  single  compo¬ 
nent  gas.  The  left-hand  side  of  Eq.  (A. 4. 24)  can  be  written  In  the 
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following  manner. 

L.H.S.  of  Eq.  (A.4.24) 

f  1  3  f 

'  It  k(e9  *  7  “gl“g1*  *  Hjj  "j  “gj(eg  *  I  “gl“g1>  ' 

3p  1 

-  "g&V  2  VV  *  ^‘‘g^Vgi1 

♦  "g  “gl  k,  (eg  +  7  ugiV  *  r^>(*,  *  \  “gi“,i> 
*  "git  <*g  +  f  Vgt>  *  ^(‘g*?Vgl’ 


*  "g  Ugj  lxj**g  *  7  “gl“g1>  +  <%d  +  "eD  *  ^><*g  *  1  ug1ug1  > 
o'.  L  It  (4  T7  (i 


'g  L  Jt  '2  gl  gl '  gl  axj'j  “gf"g1 


ae 


ae 


WV_  t  1 

+  p:  +  p:  -?■  +  (n,  .  +  in  n)(e„  +  -  u.u.) 


g  at  Kg  gj  ax 


ed  '  eDM  g  2  “gl  gl 


(A.4.30) 


From  Eq.  (A. 4. 19),  it  follows  that 

au  .  au.  ao.. 

pg*  at  +  ugi  ax^  ^  "  FIgdi  +  FIgDi  +  axj 


+  "eO^Di  -  ugi}  +  "*ed(udi  *  ugi)  (A’4’31) 


If  this  equation  is  multiplied  by  ug1  and  rearranged,  the  following 
equation  is  obtained 


»gck<  Vgl*  tugjkj(lvgt)3 

■  <FIgd1  +  FlgD1*  “gl  *  3x^  “gl 
*  "eD(uD1  ■  “g1>  “gl  *  \d'“d1  '  “g1>“g1 


(A.4.32) 
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Substitution  of  Eq.  (A. 4. 32)  Into  (A. 4. 30)  yields  the  following. 


L.H.S.  Of  Eq.  (A. 4.24) 


3o  j 


OV  J  J 

<FIgd1+  Flg01>  Ug1  +  Ug1  +  \d(uD1  "  “gl>  u,t 

3e_  Se 

+  *ed  (ud1  '  V  +  l>’  <H  *  “9J  8xj  ’ 


+  <»«d  *  *eD>  <eg  +  Tuglugi> 


(A.4.33) 


Substituting  Eq.  (A.4.33)  into  Eq.  (A. 4. 24), It  follows  that 

3e„  3en 

Pg  [  3t  Ugj  3Xj 

3U_j 

=  °ij  +  FIgd1  Ud1  +  FigDi  UD1 

J 

‘  ^gd  '  ^gD  +  Fg  *  (FIgd1  +  FIgD1}  Ug1 


+  m 


ed 


W  +  7udiudi  +  ‘  AHv 


+  "eD  |  eg(TD>  +  iuD1uD1  +  ' 


AH., 


■  med(udi  ‘  ug1}  Ug1  ‘  meD(uDi  '  ug1*  ugi 
-  ("ed  +  ”eD)(eg  *  lV9i> 


3U  . 

'  °1J  '  Qgd  '  V  *  Pg 

♦  <FIgd1  '  "ed  ug1)(“d1  '  ug1>  +  (FIgD1  '  "eO  ug1)(u01  *  V 


+  continued 
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*  "dd  [eg(Td>  +  I  Ud1Ud1  +  -  *g  -  \  ugl“g1  -  aHvj 

*  meD  eg(TD>  *  T  U01UD1  *  •  eg  -  I  ugi“gi  -  4H,j 


(A.4.34) 


3uai 

If  the  term  q1- j Is  expanded,  one  can  get  the  following. 


3u  . 

_fli  = 


ij  3x j 


*  -  p 


!!lai 


(A.4.35) 


where  *  Is  the  viscous  dissipation  function,  given  by  the  relation. 


a  o  i  3ll  j  3ll  .  o 

*  =  1  +  7  u*(^  *  1 m 


(A.4.36) 


Substitution  of  Eq.  (A.4.35)  Into  (A.4.34)  yields 
3en  3e„ 

p  1  (  -r-jS-  +  U  .  -r— -L  ) 

9  3t  gj  3x  ■  ‘ 

J 

3U  . 

=  -  n  — a-L  +  $  -  0  ,  -  0  .  +  7 

v  3x.  wgd  vgD  g 


+  (FIgdi  ’  med  ug1)(udi  '  “gl*  +  (FIgDi  "  meD  ugi)(uD1  *  “gl* 
+  "ed  VTd}  +  \  Ud1udi  +  -  eg  -  \  ug1ug1  ‘  AHvl 


+  raeD  ieg^TD^  +  7  UD1UD1  + 


pTfc  *  eg  ‘  2  ug1ug1  ‘  AHv  ) 


(A.4.37) 


This  Is  an  alternative  form  of  energy  equation  for  the  gas  phase. 


Liquid  phase 


Similarly  the  energy  equation  for  liquid  phase  can  be  transformed 
as  follows. 
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From  Eq.  (A. 4. 14),  the  momentum  equation  for  d-droplet  becomes: 


au 


<  -5T  +  “<U  > 


au 


il 

j 


-  F 


Igdi 


Multiplying  both  sides  by  u^,  one  obtains* 


pd  at  *  2  udiudi ^  +  pd  Ud1  ax/l  ud1ud1^  *  '  FIgd1  Ud1 

J 


Using  this  equation,  L.H.S.  of  Eq.  (A. 4. 25)  becomes: 

ft  |°d  *ed  *  7  +  fjT  jpd  “dj*ed  *  ?  udfud1*j 

*  "d  Cft  (7  ud1u<H)  *  udJ  fj,  (7  ud1ud1):1 

J 


ae. 


ae . 


+  pd(jf  +  u hi  )  -  ^(en  +  t  u„<u„.«) 


dj  3xj 


"ed^p  T  1  ug1ug1 


3ed  ■  ..  3ed 


FIgd  ugi  +  ^at*"  +  udj  3x°  *  "  med(ed  +  2  ud1ud1J 

J 

Thus,  Eq.  (A. 4. 25}  becomes 


ae. 


ae. 


pd  *at  +  udj  ax-^  =  Qgd  +  Pd 


A\  =  n 

sj 

Similarly,  Eq.  (A. 4. 22)  becomes 


(A.4.38) 


aeP 


aer 


PD  ^at  +  uDj  3Xj^  =  QgD  + 


(A.4.39) 


D.  Radial  Equilibrium  Equations 

The  entropy-enthalpy  relation  can  be  written  as  follows. 

~  »  dh  -  T  dS 

p 

where  dh  and  dS  are  change  of  enthalpy  and  entropy  per  unit  mass.  The 
energy  equation  for  steady  adiabatic  flow  Is  as  follows. 
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dh  =  dH  -  d(-|  V2) 

Thus  we  get 

=  dH  -  d(4  V2)  -  T  dS 
p  2 


IJ>£  _  3H  _  a_  /I  y2,  _  T  3S 
p  9XJ  ax..  “  ax^' 2  v  '  3x. 


Gas  phase 

Considering  the  gas  phase,  the  above  equation  can  be  written 


IlE  = 
p  ax. 


!!k 

axi 


i_  (I 

ax/2 


V2)  -  T  F 

9  Pg  9X. 


(A. 4. 40) 


where  [aHg/ax,.]  is  total  enthalpy  change  of  gas  phase  per  unit  mass  of 
gas  phase  and  where  [aS'/ax^]  is  entropy  rise  of  gas  phase  per  unit 
volume  of  mixture. 


Equation  (A. 4. 17)  is  the  momentum  equation  for  the  gas  phase. 


KpJ  (  Tt  +  ugj  u 


g  g 


gi 


=  ft  ..  +  f 


Igdi  IgDi  3xi 


.  IE  +  III 

ax. 


+  "eD(u0i- 


u  .)  +  m  ,(u  ..  -  u  .) 
gv  ed'  di  gr 


Eliminating  the  pressure  gradient  term  by  using  Eq.  (A. 4. 37),  it  follows 
that 


(“gpg^n  +  ugj  ax^  ugi 

-  FIgd1  *  FIgD)  +  Wf  *  *.D(uD1  ’  V  +  "ed(ud1  '  V 

J 


-  continued 
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3H 

_a 

axi 


‘i 


,  as* 

3*1 


or 


+  *eO(uD1 


'  V  *  "ed^udi  ’  u91> 


There  are  three  types  of  mechanisms  causing  entropy  generation  In 
gas  phase,  namely  (i)  wall  shear,  (11)  relative  motion,  and  (111)  heat 
transfer.  The  entropy  generated  may  therefore  be  written  as  follows: 


(1) 

Wall  shear  on  gas  phase: 

T  dS 

9  9 

(11) 

Relative  motion  between  gas  phase 
and  d-droplet: 

Tgd  dSgd 

(ill) 

Relative  motion  between  gas  phase 
and  0-droplet: 

Tg0  dSgO 

(1v) 

Heat  transfer  between  gas  phase 
and  d-droplet: 

dq  ^ 

9d 

(v) 

Heat  transfer  between  gas  phase 
and  P-droplet: 

dqg0 

as  ■ 


Thus,  the  entropy  generation  term  T  jj-  In  Eq.  (A. 4. 40)  can  be 
written  as  the  sum  of  the  foregoing.  * 


as* 

ax. 


aS„  aS-j 

T  — 9.  +  t  .  —3s.  +  t 
g  ax1  gd  dx^ 


aS  „ 
gD 

gD  ax^ 


ax.| 


ax. 
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Using  this  relation,  the  radial  equilibrium  equation  for  gas  phase  can 
be  written  as  follows. 


‘“gV  Cat31  +  ugJ  s^1  '  fc,  <1  vg2Q 


'  FIgdi  *  FIg01  *  55^  +  m,0(u01  '  ug1>  *  ”ed(“<H  '  V 

aH  as  as  .  as  n 

«  (a  p  )  — 9.  +  t  _ 9.  +  t  gd  +  j.  gQ 

'  gV  3xi  Tg  3x1  Tgd  3xi  TgD  3xt 


3gqD 


(A.4.41) 


Liquid  phase 

The  radial  equilibrium  equation  for  liquid  phase  can  be  derived  in 
a  similar  manner.  For  liquid  phase  the  internal  energy-entropy  relation 
can  be  written  as  follows. 

de  =  T  dS 

Using  the  relation,  de  =  dE  -  d(|-  V2)  ,  it  follows  that 
dE  =  d(|  V2)  +  T  dS 


dE  .  d  v2,  ,  dS 

7T7  *  7T7  V  )  +  T  -r- 


35^  ”  3x^2 


(A.4.42) 


For  the  d-droplet,  the  entropy  generation  can  be  identified  as 
follows. 

(i)  Wall  shear  on  d-droplet:  Td  dSd 

(11)  Relative  motion  between  d-droplet 

and  gas  phase:  Tdg  dSdg 

(111)  Relative  motion  between  d-droplet 

and  D-droplet:  TdD  dSdD 
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(1v) 

Heat  transfer  between  d-droplet 

and  gas  phase: 

%d 

(V) 

Heat  transfer  between  d-droplet 

and  D-droplet 

6%a 

Thus  it  follows  that 
as 


as. 


Til  .  T  ^i+T  Sa  + 


ax 


^  d  ax^  dg  axj 


aS 

rdD  ax 


dD 


i  'Ai 


3qdD  +  !?ad  +  >%o 

axi  ax^ 


ax 


Using  this,  Eq.  (A. 4. 42)  becomes  the  following. 


3S  , 


di  =  d_  (I  v  2)  +  T  -d  + 

Av  Ay,  '1  ’A  I  T  '(J  gx  + 


dxi  dx^2  'd 


as 

r  — ! 
dg  ax 


dfl,  + 


as 


dD 


'dD  ax. 


ax..  ax* 


i 


Now,  the  momentum  equation  for  d-droplet  is  given  by 


(A.4.43) 


>v„>  ( 


au 


+  u 


di 


dj  aXj 


-  F 


Igdi 


(A.4.44) 


Multiplying  Eq.  (A.4.43)  by  o,pw  and  adding  to  Eq.  (A.4.44),  the  follow¬ 
ing  is  obtained. 


( 


a  D  X  I  audi  +  u  !!!dl  L/ivM 

dpw'  IJt  udj  ax.  ax. ^2  Vd 

j  i  —* 


3Eh  as,  as.  as.n 

FIgdi  "  ^Vw^  aTj”  +  Td  ax^  +  Tdg  axi  +  TdD  ax^“ 


1 


1 


+  !!do  +  !!sd 

3x^  ax^ 


(A. 4. 45) 


For  the  D-droplet,  the  entropy  generation  can  again  be  Identified 
as  follows: 

TD  dSD 


(1)  Wall  shear  on  D-droplet  : 


(11) 

Relative  motion  between  D-droplet 
and  gas  phase: 

TD,dSDg 

(ill) 

Relative  motion  between  D-droplet 

and  d-droplet: 

TDd  dSDd 

( 1  v ) 

Heat  transfer  between  D-droplet 
and  gas  phase: 

dC*gD 

(V) 

Heat  transfer  between  D-droplet 

and  d-droplet: 

d<>dD 

Thus,  It  follows  that 


T  —  m 

T_ 

t  fsa.  ♦ 

t  !!m  . 

^dD  ,  %D 

3Xi 

D 

Sx^. 

Dg  3xi 

Dd  3x^ 

3x^  SX^ 

Using  this. 

Eq. 

(A.4.43) 

becomes 

dED  . 

asr  - 

d 

33T. 

(-  V  ^) 
{2  0  1 

aSD 

+  T  —0. 
‘D  3X1 

3Sn« 
+  T  —^2. 
Dg  3x^ 

+  t 

'Dd  3Xi 

< 

+ 

3<*dD  + 

3Xi 

3qgP 

3X^ 

(A.4.46) 

The  momentum  equation  for  D-droplet 

is  given  by 

the  following. 

(■Vw1  ‘ 

3UD1 

+  u 

3t  UDj 

8U01  . 
M1 

'  FIgDi 

(A.4.47) 

Multiplying  Eq.  (A. 4. 46)  by  OpPw  and  adding  to  Eq.  (A. 4.47), 
following  is  obtained. 


(  )  r^M.  +  u  HHk  l  fiu  2n 

{aDpW)  [_9t  UDj  3Xj  "  3x^2  VD  'J 


-  F 


IgOI 


SE-  3Sn  3  S- 

{<W  axj  +  TD  ixj-  +  TDg  wf- 


3S 

rDd  3)T 


Dd 


3qdP 

3X,j 


+  !ia 

3X^ 


the 


(A. 4. 48) 
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E.  List  of  Basic  Equations 

Mass  Balance  Equation 
Gas  phase 
3p'  a 

+  —  (p1  u  .)  =  m  -  +  m 

at  ax,j  g  gr  ed  i 


eD 


(A.4.49) 


Liquid  phase 
d-droplet: 

sr  +  “di>  ’  -  *1 

D-drop]et: 


'ed 


3pn  a 

aHT  +  ax^pD  uDiJ  =  "  meD 


(A. 4. 50) 


(A.4.51) 


Mixture: 


It  (pg  +pd  +PD^  +  ax^g  ugi  +  pd  udi  +  PD  uDiJ 


*  0 


(A.4.52) 


Momentum  Balance  Equation 
Gas  phase 


It  (pgug1}  +  ^SVgl’ 


i£  +  3x*j  +  c  +  c 

■  a^  +  a^  +  FIgdi  +  FIgDi 


Liquid  phase 
d-droplet: 


+  med  udi  +  meD  uDi 


(A.4.53) 


ft*pd  udi^  +  ax^d  udiudi  ^ 


‘  FIgdi  ‘  med  udi 


(A.4.54) 
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D-droplet: 


3t  H  UD1  ^  +  3x^pD  UD1UD1  ^  =  ‘  FIgD1  "  meD  uDi  (A.4.55) 

Mixture: 

It  (pg  ugi  *  pd  Ud1  *  PD  “Of1  +  Ix^'g  “gi*  +  pd  “if'2  +  SD  UDf2' 

=  -  If,  +  Slf  <A-4'56> 


Alternative  Form  of  Momentum  Balance  Equation 
Gas  phase 

pg^  at  +  ugj  ax.^ug1  “  FIgdi  +  FIgDi  “  Txi  +  ax^ 
+  "ed^di  ‘  “gi>  +  "eoKi  '  ugi> 


(A.4.57) 


Liquid  phase 
d-dropl et: 

pi  <  It  *  “do  h ,)udi 

J 

D-droplet: 

PD(  It  +  UDj  lx. )uD1 

J 


Igdi 


=  -  F 


IgDi 


(A.4.58) 


(A.4.59) 


Energy  Balance  Equation 
Gas  phase 


1  ..  2, 


k  K(eg  + 1  V1 )  +  K  “gJ(V  ?  “gf2) 


Ixj^ij  ugiJ  +  FIgdi  udi  +  FIgD1uD1  ‘  Qgd  "  QgD  +  ^g 
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+  continued 


I 


*  "ed  (  VTd>  *  ?  “<H2  +  SjflJ)  -  4H») 

*  ".D  (eg<V+?uDt2+  rfo 


(A.4.60) 


d-droplet: 


at  [pd(ed  *  1  “dl2*)  *  3xj  (cd  “dj(ed  *  7  “dl1) 

*  -  Flgd1  ud)  '  "ed<*d  +  7  ud12>  +  V  *  Fd 
D-droplet: 

It  (pd(eD  +  1  uD12)]  +  k.  (  *0  uDj(eD  +  \  u0i2)] 

J 

=  *  FIgDi  uDi  ‘  meD(eD  +  \  uDi2)  +  Qg0  +  VQ 


Mixture: 


(A.4.61) 


(A.4.62) 


77  (pg(eg  *  7  “gi2)  +  pd(ed  +  7  udl2>  +  pD(eD  *  7  UD(2)) 

*  fxj(pg,eg  +  7  “gf2,ugj  +  pd(ed  +  7  “di2,udj  *  p0(eD  *  I  UD1  Z)uDj 


=  ug1>  +  V'd  +FD 

J 


A1 ternative  Form  of  Energy  Balance  Equation 


(A.4.63) 


Gas  phase 


p  *  (  — -  +  u  t —  )e 

gv  at  gj  ax/'g 

au' 

=  -  p  — 3.1  +  4 
H  3X1 


*  -Qj-Qn+F 
ygd  ygD  g 


+  (FIgdi  *  ^ed  ug1^ud1  “  ugi}  +  (FIgD1  *  meD  ug1)(uD1  -  ug1J 
*  "ed  (  eg(Td>  +  7  ud)2  *  ^T7)  ‘  eg  *  7  “g)2  *  4Hv) 


+  continued 
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+  m 


eD 


VV  *  1  UD12  +  -  e9  *  1  U9t2  '  iH»]  (A-4-M) 


Liquid  phase 
d-droplet: 

pd^Tt  +  udj  IxT^d  =  V  +  Fd  '  (FIgdi  '  med  ugi^udl'  udi} 

_  .  ,  .  (A. 4. 65) 

D-droplet: 

pD(ft  +  uDj  tx7)eD  =  ^gD  +  '  (FIgDi  "  meD  Ug1  )(uDi  '  “dI* 

1  (A. 4. 66) 


Radial  Equilibrium  Equation 
Gas  phase 

pgj^it  +  ugj  ax^ug1  "  3x^2  Vg  ^ 


=  FIgdi  +  FIgDi  +  Sxj^  +  med(udi  "  “gi^  +  meD(uDi 
3H  3S  3S  ,  3S  n 

.  ■  +  t  _a  +  t  +  T  — gp. 

pg  3xi  g  3x1  gd  dx.  gD  tx. 

fid  .  fio 

3X , 


gi' 


3X.J 

Liquid  phase 
d-droplet: 
p 


1 


d  [jft  +  udj  3Xj)ud1  ■  3x^2  Vd2)  J 

.  p  .  .  3ii  +  T  ffd  +  T  !fda 

r Igdi  pd  3x^  d  3x^  dg  3x^ 

T  ffdD  +  ffd£  +  3qdP 

dD  3x^  3x^  3x^ 


(A. 4. 67) 


(A.4.68) 
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D-droplet: 


PD  Qat  +  UDj  3x^uD1  "  3x^2  VD2G 

-  F  o'  — ^  +  T  —5-  +  T  3Spg 

^ IgDi  PD  3x^  D  3x.  Dg  3x^ 


!!m  +  ffoa  +  fS 


Dd  3x . 


(A.4.69) 


Simplification  of  Basic  Equations 

The  following  assumptions  are  made  to  simplify  the  basic  equations. 

(1)  The  d-droplet  can  be  treated  as  part  of  the  gas  phase,  except 
in  obtaining  energy  balance,  and  velocity  of  d-droplet  is  equal 
to  that  of  gas,  i.e. 


udi  =  ugi  * 


3S.„ 

_d9  s  o 

3Xi  u‘ 


(2)  The  D-droplet  does  not  absorb  work  input,  i.e.  Pp  =  0. 

(3)  The  flow  is  steady,  I.e.  s  0* 

(4)  There  is  no  interaction  between  d-  and  D-droplets,  i.e. 


™  =  0. 


(5)  Heat  transfer  between  d-  and  D-droplets  is  negligible,  i.e. 


■*dD  „ 


(6)  Effect  of  the  viscosity  can  be  represented  by  "dissipative  body 
force,  Fgj"  ,  except  for  the  effect  of  the  Interaction  between 
gas  phase  and  droplets,  the  latter  treated  distinctly. 

(7)  The  evaporated  liquid  is  mixed  with  gas  phase  Instantaneously. 


Using  the  above  assumptions,  the  basic  equations  become  simplified 
and  are  listed  below  without  further  explanation. 


Radial  Equilibrium  Equation 
Gas  phase  (gas  +  d-droplet) 

(pg  +  pd>  Luss  '  57((?vs  >] 


3H„ 

-  o'  — 9-  - 


3E, 


IgOi  Mg  3x 


1  Pd3xi 


3S„  3S.  3S  . 

+  T  7^  +  T_,  ~  +  T  . 


g  3x 


1 


'd  3x 


i 


gd  3x 


i 


.  T  _  Ifa°  .  8q 


gD  3x 
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3x 


+  F 
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Bi 


(A. 4. 76) 


Liquid  phase 
D-droplet: 


■  Hi  ^51  -  3-  (i  »  2fl 

D  L  Dj  3x  j  3x^2  D 


-  F 


IgDi 


9En  3Sn  Z  !  « 

o'  +  t  +  t  — P9  +  a£ 

PD  3x^  D  3xi  TDg  3x..  3xi 


(A.4.77) 


4.2  Description  of  Coordinate  System 

The  basic  equations  are  given  using  two  different  coordinate 
systems,  namely,  intrinsic  and  cylindrical  coordinate  systems. 

(1)  Intrinsic  Coordinate  System  (Fig.  A. 4.1  ). 

The  m,  e,  n  Intrinsic  system  Is  a  local,  right  hand, 
orthogonal  system.  The  m-dlrectlon  lies  tangent  to  the 
local  streamline  direction,  and  the  e-dlrection  Is  orthogonal 
to  the  m-r  plane  where  r  Is  the  radial  vector  defined  In 
Figure  A. 4.1.  The  n-dlrectlon  Is  normal  to  the  m-dlrectlon 
In  the  local  meridional  plane. 


n 


r 


Three-Dimensional  intrinsic 
Coordinate  System 


Axisymmetric  Intrinsic 
Coordinate  System 
Wennerstrom 
(Ref.  30) 


Pig.  A.4.I.  Intrinsic  Coordinate  System 
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(1i)  Cylindrical  Coordinate  System  (Fig.  A. 4. 2  ). 

The  cylindrical  system  Is  fixed  to  the  axis  of  rotation  of 
the  compressor.  The  z-dlrectlon  lies  along  the  axis  of 
rotation  and  r  Is  In  the  radial  direction.  The  0-component 
is  in  the  circumferential  direction  defined  positive  with 
respect  to  a  right-hand  r,  e,  z  orthogonal  coordinate  system. 

In  many  cases,  it  is  more  convenient  to  work  in  a  coordinate  system 
that  is  stationary  with  respect  to  a  rotating  blade  row.  Accordingly, 
the  equations  are  given  after  transformation  to  a  rotating  frame  of 
reference. 

(1)  Intrinsic  Coordinates 

An  absolute  velocity  vector  may  be  transformed  to  a  relative 
velocity  vector  (relative  with  respect  to  a  rotating  system)  by  writing 

V  =  W  +  U 

where  V  *  absolute  velocity  vector,  W  =  relative  velocity  vector, 

IT  =  local  blade  rotational  velocity  vector  =  IL  +  +  IT  ,  and 

_  _  _  men 

Um  ,  U„  U  =  m,  e,  n  components  of  U,  respectively, 
ni  n 

The  velocity  components  are  given  by  the  following. 

um  '  fm<u-  V  *2> 

u9  •  Vu-  V  *2>  ’ 

U„  =  f„(U.  v  *2> 

where  U  =  the  magnitude  of  the  local  balde  rotation  velocity  vector, 

U  ,  U.,  U  ■  the  magnitudes  of  the  m,  0,  n  components  of  U,  =  the  angle 
m  o  n  i 

between  the  radius  vector  and  the  m-dlrectlon,  and  <t>2  -  the  angle  between 
the  radius  vector  and  the  n-dlrection. 

Therefore,  one  obtains  the  following. 
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Axis  of  Rotation 


Fig.  A .4.2 

CYLINDRICAL  COORDINATE  SYSTEM 
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V  + 

U 

V  =  w  +  u 

gm 

T> 

m 

pm  pm  m 

V  „ 

a 

W  + 

U„ 

V  =  W  +  u 

ge 

ge 

e 

pe  pe  e 

V„ 

s 

W„  + 

U  =  0 

V  =  w  +  u  =  0 

gn 

gn 

n 

pn  pn  n 

where  U  = 
m 

0 

and 

U  =  r<u,  and 

0 

p  denotes  a  droplet 

(2)  Cylindrical  Coordinates 

As  in  the  case  of  the  intrinsic  coordinate  system,  the  absolute 
and  relative  velocities  may  be  related  as  follows.  Thus, 

V  =  W  +  U 

where  F  =  IL  +  Ug  +  Fz>  the  components  in  the  three  (r,  9,  z)  directions. 
But,  U p  =  Uz  =  0.  Therefore,  F  *  F  ■  cor,  where  n>  ■  angular  velocity  of 
the  rotating  blade  row.  It  follows  that 


f 

=  w 

v  „ 

=  w 

gr 

gr 

pr 

pr 

r 

=  W  „  +  ru 

V  „ 

a  w  „ 

ge 

ge 

pe 

pe 

1 

=  u 

V 

*  w 

gz 

gz 

pz 

PZ 

4.3  One-Dimensional  Flow  Approximation 

In  many  cases.  It  Is  sufficient  to  undertake  compressor  performance 
calculation  at  a  chosen  radius  or  spanwise  location.  It  is  then  con¬ 
sidered  adequate  to  base  the  calculation  on  one-dimensional  flow  basis. 

The  following  equations  result  from  the  one-dimensional  flow 
approximation. 
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4*3*1  One-dimensional  Flow  Equation  In  Intrinsic  Coordinate  System 

A.  Mass  Balance 

Gas  phase  (gas  and  d-droplet) 

r  h  1  r  [(1  -  °D  '  °d)pg  +  Vw]  Wgm  }  =  (A.4.78) 

Liquid  phase  (D-droplet) 

r  Is  {  r<°D‘>w,W0ni  }  =  -  "eD  (K.A.79) 

B.  Momentum  Balance 

Gas  phase  (gas  and  d-droplet) 


n-component: 


01  -  "D  -  +  v,] 

s.  3W  (W  .  +  rw)^  .  - 

ft  gn  ge  '  ar 

Lgm  am  r  am. 

j  =  FIgDn  +  FBn 

m-component 

(A.4.80) 

[(1  -"o  '  “d)pg  +  VwJ 

r„  .rl 

L  9"»  r  am  J 

=  iE.  +  F 
am  rIgDm 

e-component 

(A.4.81) 

[(1  -  °0  -  ad)pg  V«] 

L  r  v  am  ‘  am  '  J 

=  FIgDe  +  fB0 

(A. 4.82) 

Liquid  phase  (d-droplet) 

n-component: 

r  aWn„  (W„ 

(oDPw)  [MDmiF~ - ^ 

+  a,)2ail  >  _F 

r  anj  IgDn 

(A.4.83) 

m-component: 

(  )  fw  ?0m  . 

lcW  [wDm  am 

+  r")2  it  "I  .  .  F 
r  am  J  IgDm 

(A.4.84) 
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0-component: 


J-l9oe 


(A.4.85) 


C.  Energy  Equation 
Gas  phase  (gas  only) 


r  1 

3e 

(1  -  an  -  a  .)p 

W  - — 3. 

L  D  d  g  J 

.it  * 

gm  3m 

t 

dW 

• 

J 

*  ■  "-a? 

gd 

%0  +  \ 

+  "ed  { 

eg<V  + 

%  '  L\ 

► 

+  i,eD  { 

VV  + 

V  Hv] 

(A.4.86) 

Liquid  phase  (d-  and  D-droplet) 

3e.  3en 

<Vw>  •  <%n  sr> +  <Vw>  '“om  sir  >  ■  %6  *  V  *  Fd 


(A.4.87) 


D.  Radial  Equilibrium  Equation 
Gas  phase  (gas  and  d-droplet) 
n-component: 


jl  -  aD  -  a 


j)p  +  OjP  k 

d'  g  dKwj 


3W. 


gm  dm 


a]  ■ 


m-component: 

[(1  '  “0  ’  °d)pg+  adpw] 

=  F 


WC6  +  ^ 


=  FIgDn  +  FBn 


f  _  2r  iL 

3m  “  3m 


(A. 4.88) 


3H  9Ed 

IgDm  +  FBm  "  ^  ”aD“  ad^pg  3m  ~  adpw  3m 
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3S  3S.  3S  .  3S  n  3q  n 

+  T— 9.+  T— 1+T  _9l  +  T  -  --S.P 

g  dm  d  dm  gd  dm  gD  dm  an 


317 


(A. 4. 89) 


0-component: 


[(1  *°D  -  “d>  "g  *  V, 
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Liquid  phase  (D-droplet) 
n-component: 
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m-component: 

+  r« 


IgDm 


(°tDPw)  [ 


D8 


t  3(r  V 


0m 


-  2ru 


£]] 


3En  3Sn  3S-  0q  _ 

"  FIgDm  '  aHT  +  TD  S5T  +-  TDg  0m-3'  +  0m3- 


0-component: 

W_  (  0(r  Wn  )  . 

-0a  .  2r„  |t 

r  I  0m  "  0m 


‘•if*1  [ 


)]  ■ 


IgD0 


4.3.2  One-Dimensional  Flow  Equation  in  Cylindrical  Coordinate 

A.  Mass  Balance 

Gas  phase  (gas  and  d-droplet) 

h  {[»  -  “D  -  V-g  *  V*]}  "gz  ”"eD 
Liquid  phase  (D-droplet) 

Jz  (oDpw  WDz}  “  "  meD 


(A.4.90) 


(A.4.91) 


(A. 4. 92) 


(A.4.93) 


System 


(A.4.94) 


(A. 4. 95) 
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8.  Momentum  Balance 


Gas  phase  (gas  +  d-droplet) 
r-component: 

[a  -  °D  -  *d)pg  +  Vw]  [ " 


(Wq9  +  ^ 


3Wn 
+  W  - 

gz  sz  J 


=  FIgDr  +  FBr 


2-component: 

[(1  •  “D  -  BdS  *  Vw]  [  V  =  -at  +  FIgDz 


e-component: 


r  ip  W  aw 
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=  FIgD8  +  FB0 


Liquid  phase  (D-droplet) 
r-component: 
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z-component: 

r  3W 
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e-component: 
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(A. 4. 96) 


(A.4.97) 

] 

(A. 4. 98) 


(A.4.99) 


(A. 4. 100) 


(A. 4. 101) 


319 


C.  Energy  Equation 


Gas  phase  (gas  only) 

[(1  -  “d  '  pD)pg]  ["gz  IT1] 
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=  -  p  — -  D  -  n  +  p  +F_  W  +  F  -  W  ) 
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(A.4.102) 


Liquid  phase  (d-  and  D-droplet) 

(adpw>  (“gz  ir)  *  (“Dpw>  (WDz  15 

D.  Radial  Equilibrium 
Gas  phase  (gas  and  d-droplet) 


Qgd  +  Ogd  +  P„  (A.4.103) 
'  FIgDz  <"oz  ‘  “gz1 


r-component: 

r  nr  3W  U  n 
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=  FIgDr  +  FBr 


(A.4.104) 


z-component: 
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(A. 4. 105) 
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e-component: 


It  may  be  pointed  out  that  in  the  foregoing,  the  derivatives  with 
respect  to  the  z-direction  are  shown  as  partial  derivatives,  although 
under  one-dimensional  flow  approximation  there  arise  variations  only 
In  the  z-dlrection.  Since  the  velocity  components  in  the  r  and  e 
directions  are  retained  in  the  equations,  it  Is  felt  that  the  partial 
derivative  notation  may  be  useful  for  clarity. 

The  set  of  Eqs.  (A. 4. 96  -  103)  may  be  solved  numerically  given 
the  various  forces  and  energy-exchanges  Involved  In  two  phase  flow 
through  compressors.  Alternatively,  one  may  adopt  the  method  of 


obtaining  the  solution  by  a  simple  control  volume  procedure.  The 
latter  Is  the  method  adopted  here. 


4.4  Application  of  One-Dimensional  Flow  Model 

The  compressor  performance  Is  calculated  based  on  the  one- 
dimensional  flow  model  In  the  cylindrical  coordinate  system  as  des¬ 
cribed  In  Section  4.3.2  of  this  Appendix. 


A  control  volume  is  postulated  that  is  closed  thermodynamically 
with  respect  to  the  surroundings  and  extends  from  entry  of  a  stage  to 
its  exit.  While  there  Is  work  input  Into  the  control  volume,  there 
Is  no  other  exchange  of  energy  between  the  control  volume  and  the 
surroundings. 


The  energy  balance  equation  across  the  control  volume  Is 
written  as  follows  utilizing  Eqs.  (A. 4. 102)  and  (A. 4. 103). 
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"gz  dz 


+  op 
d  w 
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gz  dz 


den 

L\  +  a  p  (u  _ 

'  Dw  'wDz  dz  ' 


=  -  P 


dz 


+  F-  L 


(A. 4. 110) 


where  P  and  L  represent  the  total  work  input  and  total  losses,  re¬ 
spectively,  per  unit  volume  of  mixture.  The  losses  have  been  Included 
with  a  negative  sign. 


The  total  work  Input,  using  Euler  turbine  equation  (Ref. 23  &  24  ), 
can  be  represented  by  the  relation. 


f  *  U  •  AWge  (A. 4. Ill) 

where  U  is  the  rotational  velocity  of  the  compressor  and  &Wge  repre¬ 
sents  the  change  In  the  whirl  component  of  gas  phase  (and  also,  small 
droplet)  velocity  relative  to  the  rotor  In  the  stage.  In  deriving 


the  Euler  turbine  equation  it  will  be  realized  that  the  difference  in 
radial  velocity  component  across  the  rotor  is  considered  small. 

The  total  losses  may  be  divided  into  three  parts:  (i)  losses 
associated  with  the  gas  phase,  Lg  ;  (ii)  losses  associated  with  the 
small  droplets,  ;  and  (iii)  losses  associated  with  the  large  drop¬ 
lets,  Lq  .  Thus, 

I  -  Lg  +  Ld  +  Ld  .  (A.4.112) 

It  is  useful  to  introduce  the  concept  of  total  enthalpy  of  the 
mixture  based  on  relative  velocity.  It  may  be  defined  as  follows. 

"rel  '  [<»  -  V  °D)Cal  <hg  +  > 

y  2  y  2 

+  Vw  (ed  +  }  +  Vw  (eD  +  ST  >  (A.4.113) 

where  J  is  a  conversion  factor.  The  enthalpy,  h,  is  related  to  internal 
energy,  e  ,  through  the  expression  dh  *  de  +  d(p/p).  The  change  in 
total  enthalpy  across  the  stage  is  exactly  equal  to  the  work  input. 

The  work  input  is  utilized  in  the  machine  (i)  to  produce  a  change  in 
stagnation  pressure,  (ii)  to  overcome  losses  and  (iii)  to  create  phase 
change,  if  any.  The  latter  is  not  explicit  in  Eq.  (A. 4. 110)  because  of 
the  gain  in  energy  of  one  phase  is  exactly  compensated  by  the  loss  in 
the  other  phase. 

In  view  of  earlier  assumptions,  the  work  input  is  absorbed  only  by 
the  gas  phase  and  the  small  (d)  droplets.  Therefore  the  energy  expend¬ 
ed  in  overcoming  the  losses,  T  ,  is  also  in  the  nature  of  an  energy  ex¬ 
change  within  the  control  volume. 

If  the  difference  In  total  enthalpy  across  the  stage  is  denoted  by 
H  ,  then  it  follows  that 


Denoting  by  H*  ,  the  effective  enthalpy  change  which  under  isen- 
tropic  conditions  produces  the  same  stagnation  pressure  change  as  the 
actual  enthalpy  change,  one  can  write, 

H*  =  H  -  I  (A.4.115) 

The  stage  efficiency  may  then  be  defined  by  the  relation, 

H  -  I 


H 


so  that  H*  =  nH. 


(A.4.116) 
(A. 4. 117) 


The  stage  stagnation  pressure  ratio  is  then  given  by  the  relation. 


P02 


-  ,  rl+  «  rern 

i  L  Moi  J 


(A. 4. 118) 


where  (  )  and  (  )  refer  to  the  inlet  and  outlet  conditions 

1  2 

of  the  stage. 

It  may  be  noted  that  the  efficiency  refers  to  the  stage  efficiency 
of  two  phase  flow. 

An  alternative  method  of  correcting  for  losses  is  to  obtain  the 
stagnation  pressure  ratio  corresponding  to  the  actual  work  input  and 
then  subtracting  the  losses  in  terms  of  stagnation  pressure  loss  at 
stage  outlet.  In  adopting  this  method,  it  is  convenient  to  combine  the 
losses  due  to  gas  phase  and  small  droplets  into  one  group  and  the 
large  droplets  into  a  second  group. 

Then  one  can  write  the  following. 

=  t  +  n’  (Y"15  (A. 4. 119) 

where  (  )'  denotes  the  gas  and  small  droplets  together.  Correct¬ 

ing  this  for  losses  due  to  large  droplets,  denoted  by  aP^  ,  one  can 


write  the  expression,  namely 


po2  =  "o.t1  *  n‘  h?t]  -  ipoD  <A-4-120> 

In  a  similar  manner,  heat  and  mass  transfer  processes  between  the 
two  phases  can  be  ignored  in  the  first  instance,  and  then  introduced 
at  the  stage  exit. 


4.4.1  Method  of  Accounting  for  Two  Phase  Effects 

The  two  phase  effects  that  need  to  be  taken  into  account,  even 
within  the  framework  of  one-dimensional  flow  analysis,  are  (i)  losses 
and  (ii)  heat  transfer  from  the  gas  to  the  liquid  phase,  and  (iii)  the 
resulting  change  of  phase  of  liquid  and  mass  transfer  to  the  gas  phase. 
Since  the  latter  two  processes  are  included  only  at  the  exit  of  a  stage, 
it  is  sufficient  to  obtain  a  local  mass  and  energy  balance.  The  heat 
and  mass  transfer  processes  are  decoupled  from  the  compression  pro¬ 
cess  in  the  current  method. 

Regarding  the  losses,  one  can  relate  them  to  a  change  in  entropy 
as  follows.  The  momentum  balance  equations,  Eqs.  (A. 4. 96  -  98),  and 
Eqs.  (99-101),  provide  a  convenient  starting  point  for  discussion. 

Equations  (A. 4. 96  -  98)  are  multiplied  by  W  ,  W  ,  and  W  , 

gr  gz  ge 

respectively,  and  added.  Into  the  resulting  equation  one  introduces 
the  Gibbs  relations,  namely, 

T  •  vS_  =  vh_  -  —  vp„ 

99  9  Pa  9 

and  s 

Td  *  vSd  "  ved  ’ 


Here  Tg  represents  the  temperature  of  the  gas  phase,  and  T^  that  of 
the  d-droplets.  The  resulting  equation,  noting  that  in  the  absence  of 
work  Input  the  system  is  closed  and  adiabatic,  becomes  the  following. 
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dS  dS. 

_ 9.  +  — 1 

dz  dz 


TiV  [“gz  FBz  +  “9a  FBe  +  V  F 


IgDz  +  Wge  FIgDe 


0]  (A  4.121) 


where  p"  =  jji  -  .  «D)pg  +  adpjj  -  It  will  be  observed  that  Wgr 

has  been  assumed  to  be  zero  in  this  analysis.  The  losses  in  the  gas 
phase  and  the  d-droplets  are  given  by  the  gain  in  entropy.  The  entropy 
change  is  shown  distinctly  for  the  gas  and  d-droplets  only  for  con¬ 


venience. 


In  a  similar  manner,  the  losses  because  of  the  presence  of  D-drop¬ 
lets  may  be  written  as  follows. 


aDpw  *  ~dz 


s  u  F  +  W  F 
gz  rIgOz  ge  rIgDe 


(A.4.122) 


Eq.  (A.4.122)  may  be  combined  with  £q.  (A. 4. 121)  as  desired. 


A 


APPENDIX  5 


MODIFICATION  OF  UD- 0300  PROGRAM  CODE 


1.  UD-0300  Program  Code 

In  order  to  investigate  the  effects  of  utilizing  mixtures  of  gases 
on  the  Test  Compressor  performance,  the  UD-0300  Program  Code  was  used. 

The  UD-0300  is  a  computer  program  that  has  been  developed  for  the  design 
and  performance  estimation  of  axial  compressors.  The  principal  feature 
of  the  proqram  is  that  it  enables  in  a  single  computer  program  the 
determination  of  the  geometry  of  the  compressor  blading,  details  of  the 
flow  within  the  compressor,  and  the  design  point  performance  of  the 
machine.  The  program  consists  fundamentally  of  three  sections:  two 
alternative  means  of  determining  blade  geometry,  and  a  computation 
scheme  for  aerodynamic  performance  of  flow  through  the  compressor.  In 
one  run  of  the  program,  any  one  section  alone  may  be  used,  or  the  aero¬ 
dynamic  performance  section  may  be  used  in  conjunction  with  either  or 
both  of  the  blading  sections.  The  program  uses  overlay;  each  of  the 
main  sections  uses  close  to  130K  (octal)  of  central  memory.  In  the 
present  investigation  the  aerodynamic  section  has  been  used  to  investi¬ 
gate  the  effects  of  using  mixtures  of  gases  in  the  Test  Compressor. 

The  compressor  flow  computed  in  the  aerodynamic  performance  section 
is  assumed  to  be  axisymmetrlc  and  inviscid.  Provision  is  made  in  the 
procedure  to  incorporate  turbulent  mixing  of  flow  and  radial  transfer  of 
a  blade  wake.  Starting  with  the  radial  equilibrium  equation  derived 
by  Wennerstorm  (Ref.  30  ),  a  system  of  flow  equations  is  derived. 

The  streamline  curvature  method  is  then  employed  to  solve  these  equations. 
In  this  method,  a  number  of  computing  stations  are  located  at  strategic 
points  In  the  flow.  A  computing  mesh  is  formed  by  the  Intersection  of 
these  stations  with  the  streamlines.  Their  locations  are  Iteratively 
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determined.  An  initial  estimate  is  made  of  the  streamline  locations. 

The  flow  within  the  compressor  is  computed  on  the  basis  of  this  estimate 
and  the  resulting  flow  distribution  enables  a  new  estimate  to  be  made. 
This  procedure  is  repeated  until  the  estimated  streamline  pattern  is 
correct  to  within  a  given  tolerance.  The  meridional  velocity  distri¬ 
bution  along  each  computing  station  is  found  by  integrating  a  momentum 
equation.  The  continuity  equation  supplies  the  necessary  constant  of 
integration. 

A  more  detailed  description  of  the  UD-0300  program  is  available  in 
Ref.  10. 


2.  Modification  of  UD-0300  for  Mixtures  of  Gases 

The  UD-0300  code  has  been  developed  originally  for  use  with  a 
single  fluid  such  as  air  flow  through  a  compressor.  In  order  to  use 
it  for  mixtures  of  gases,  it  is  necessary  to  introduce  modifications 
to  account  for  variable  molecular  weight,  specific  heats  and  acoustic 
speed  applicable  to  the  mixture  of  gases  under  consideration.  Such 
modifications  have  been  described  for  the  case  of  air-steam  mixture 
flow  in  Ref.  1 1  ■ 

The  various  functional  expressions  for  thermo-physical  properties 
of  air,  steam  and  methane  are  given  in  Appendix  11. 

3.  Modifications  of  UD-0300  for  Off-design  Performance  Calculations 

The  UD-0300  program  has  been  originally  designed  for  design  point 
performance  calculations.  In  order  to  carry  out  off -design  point  cal¬ 
culations,  modifications  are  required  for  the  incorporation  of  loss 
coefficient  corresponding  to  off-design  flow  angles  and  Mach  number. 

The  total  pressure  loss  coefficient,  w  ,  at  any  inlet  angle,  Bj  , 
is  defined  in  terms  ofaminimum  value,  u  m^n  *  a  reference  (or  minimum 
loss  angle,  s  f  ,  and  "stalling"  and  "choking"  inlet  angles,  ejc  and 
81$  as  follows: 


/lf  gi-*ir,f  j2) 
fn  '  Bis(or  c)  -  Bi  ref  >  j 


(A.5.1) 


where  e  or  8lc  is  used  depending  upon  whether  8j  is  greater  or  less 
than  8lref  .  The  outlet  flow  angle,  82  ,  is  varied  linearly  from  the 
reference  value,  32re^  ,  according  to  the  rule, 


32  ref  +  ^  Bi  "  Bi  ref^  as, 


(A. 5.2) 


According  to  this  method,  in  order  to  perform  calculations,  the  values 

for  “min'  si  ref  6ls’  *2  ref  aml  have  10  be  kn0""- 

Usually,  the  values  for  <5^,  6!  ref.  and  b2  are  available  as 

aP2 

design  point  values.  However,  the  values  of  B  ,  b,„»  and  -rr-  for 

IS  1C  op 

1 

a  particular  blade  can  be  obtained  only  from  detailed  cascade  tests. 

In  order  to  get  around  this  problem,  the  following  off-design  analysis 
scheme  has  been  developed  and  used.  It  is  based  on  the  concept  of 
Equivalent-Diffusion  Factor,  due  to  Lieblein  (Ref  37  ). 

Lieblein  has  shown  that  the  design  point  loading  factor,  the 
Diffusion  Factor,  does  not  represent  a  suitable  criterion  for  loading  at 
off-design,  except  possibly  at  other  minimum  loss  points.  This  is  due 
to  the  fact  that  the  basic  derivation  of  the  Diffusion  Factor  has  been 
c*ased  on  a  flow  model  which  corresponds  to  operation  at  or  near  minimum 
joss.  He  has  therefore  suggested  a  generalized  loading  parameter.  This 
parameter,  the  Equivalent  Diffusion  Ratio,  is  based  on  the  ratio  of  the 
maximum  suction  surface  velocity  and  trailing  edge  velocity  for  a  given 
section  in  cascade.  Lieblein  has  deduced  an  expression  which  approxi¬ 
mates  this  velocity  ratio  In  terms  of  measured  overall  performance.  The 
Equivalent  Diffusion  Ratio  Is  suitable  for  correlation  of  low  speed 
data.  For  the  general  case  where  the  axial  velocity  ratio  may  be  large, 
such  as  In  a  rotor  or  stator  cascade,  the  Equivalent  Diffusion  Ratio, 

D^„  »  has  been  defined  as  follows: 
eq 

COS  8.  (  *1.43  cos2e,  .  .1 


COS  8, 


1.12  +  K( 1 -1  )  +  0.61 


cos2e 


-  (tan  8j-  tan  e2) 
(A.5.3 
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where  K  =  0.0117  for  the  NACA  65  (A^)  blades  and  K  =  0.007  for  the 
circular-arc  blades.  The  Equivalent  Diffusion  Ratio  at  minimum 
loss,  Dgq  ,  is  obtained  by  dropping  the  term  representing  the  incidence 
angle  effects,  that  is, 

COS2ft  1 

1.12  +  0.61  — - — -  (tan  Bj  -  tan  B2)  >  (A. 5.4) 


The  wake  momentum  thickness  can  be  expressed  nondimensionally  as 
follows. 

0  to  cos  b2  /  cos  b2^2 
~C  -  2a  (  COS  6j_ 

where  c  is  the  chord  length  of  the  blades. 

At  minimum  loss,  Eq.  (A. 5. 5)  yields 


(A. 5. 5) 


*  -*  * 

to  cose2 


cos  B„ 


COS  B, 


(A. 5.6) 


Also,  from  Eq.  (A. 5. 5),  the  total  pressure  loss  coefficient,  to  ,  can 
be  expressed  as  follows. 


e  )  2o  (cos  ei  )2 


c  I  cosB„  Icos  B„ 


(A.5.7) 


From  the  cascade  test  data,  the  deviation  angle,  6  ,  and  the  non- 

0 

dimensional  wake  momentum  thickness,  —  ,  are  expressed  in  terms  of 

*  q  *  c 

the  Dpq»  Dea»  '  r)  >  and  Inlet  Mach  number,  Mj  ,  as  follows: 


6=6+  C6.40  -  9.45(M1  -  0.60)]  (Deq  -  Deq) 


(A. 5.8) 


*  * 
I-  (tj  +  (0.827  -  2.692M*  +  2.675  M*  )(Dgq  -  D^)‘ 


for  Da_  <  D 
eq  eq 


(A. 5. 9) 


f  -  (  |  )*  +  (2.80  -  8.71  M*  +  9.36  M^)(Deq  -  0^)2 


for  D  <  D 
eq  eq 


(A. 5. 10) 
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Using  these  empirical  expressions,  the  blade  outlet  and  total 
pressure  loss  coefficient  at  off-design  point  can  be  determined  as 
follows: 

(1)  Calculate  the  inlet  angle,  6  ,  and  inlet  Mach  number,  M:  . 

(2)  Calculate  the  Equivalent  Diffusion  Ratio  at  minimum  loss, 

Deq  ’  by  Eq*  (A-5-4)* 

(3)  Calculate  the  nondimensional  wake  momentum  thickness  at 
minimum  loss,  (-)  by  Eq.  (A. 5. 5). 

(4)  Assume  the  fluid  outlet  angle,  ($,)  . 

z  a 

'ir  "ft 

(5)  Calculate  the  incidence  angle,  i,  by  1  *  -  p  +  i  . 

(6)  Calculate  the  Equivalent  Diffusion  Ratio,  D  ,  by  Eq.  (A. 5.3) 

(7)  Calculate  the  deviation  angle,  fi  ,  by  Eq.  (A. 5. 8). 

(8)  Calculate  the  fluid  outlet  angle,  (P2)c  by.  (P2)c  =  3*“  <5*  +  6 

(9)  Compare  the  assumed  value  of  fluid  outlet  angle,  (P2)  .  with 
the  calculated  value  of  that,  (B2)c  to  check  if 

|(62)a  -  e  where  e  is  the  desired  accuracy.  Iterate 

step  (4)  to  step  (9)  until  satisfactory  accuracy  is  obtained. 

0 

(10)  Calculate  the  nondimensional  wake  momentum  thickness,  -  ,  by 
Eq.  (A. 5.9)  or  (A.5.10). 

(11)  Calculate  the  total  pressure  loss  coefficient,  “  ,  by  Eq. 
(A.5.7). 

Figure  A. 5.1  shows  the  flow  chart  of  the  overall  calculation  pro¬ 
cedure  to  predict  the  fluid  outlet  angle  and  total  pressure  loss  coeffi¬ 
cient  at  off-design  point. 

The  foregoing  procedure,  along  with  the  empirical  relations,  Eqs. 
(A. 5.8  -  10),  has  been  incorporated  into  the  UD-0300  code. 

Calculations  have  been  performed  for  air-methane  mixture  flow 
through  the  Test  Compressor. 
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APPENDIX  6 


CALCULATION  PROCEDURE  FOR  AIR-METHANE  MIXTURE 


1.  Basic  Model  and  Assumptions 

In  order  to  investigate  the  effect  of  addition  of  small  quanti¬ 
ties  of  methane  into  air,  a  simple  one-dimensional  calculation  has  been 
carried  out.  The  basic  model  and  assumptions  employed  are  as  follows: 

(i)  Methane  injected  at  the  compressor  inlet  is  mixed  with  air 
uniformly; 

(ii)  The  compressor  stage  characteristic  curves  obtained  during 
tests  with  air  are  applicable  for  air-methane  mixture  flow 
through  the  compressor; 

(iii)  The  thermo-physical  properties  for  air-methane  mixture  are  ob¬ 
tained  utilizing  the  functional  relations  given  in  Appendix  11. 

2.  Input  Data 

In  order  to  perform  the  calculation,  the  following  input  data  are 


used: 

1)  compressor  inlet  temperature  :  T01 

2)  compressor  inlet  pressure  :  P01 

3)  blade  rotational  speed  :  N 

4)  methane  content  :  x 

5)  initial  flow  coefficient  :  <j> 

o 


3.  Calculation  of  Mass  Flow  Rate 

At  the  compressor  inlet,  the  mass  flow  rate  of  mixture  has  to  be 
determined  from  the  initial  flow  coefficient,  $  .  Since  density  has 


to  be  based  on  static  pressure  and  temperature,  an  iterative  procedure 
is  used  as  follows: 

1)  Calculate  the  specific  heat  at  constant  pressure  for  air, 

Cpair-  a"d  for  n,ethane'  Cpme thane’  at  T°>  • 

2)  Calculate  the  specific  heat  at  constant  pressure  for  the  air- 

methane  mixture. 

Cp  -  (l-x)Cp  +  XCp 
m  air  methane 

3)  Calculate  the  gas  constant  for  the  air-methane  mixture 

"m  *  Ru  |(l-*)/(»*)afr  +  ’‘'''“'"’methanTl 
where  =  universal  gas  constant 

(mw)„ •  =  molecular  weight  of  air 

'air 

("^methane  =  mo^ecu^ar  wei9ht  of  methane 


9)  Calculate  the  acoustic  speed 

,  -  D  T  n 


a  ■ 
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10)  Calculate  Mach  number  M  and  set  M  =  M£ 

M  =  Vg/a  =  Mc 

11)  Compare  the  assumed  Mach  number,  M  .  with  the  calculated  Mach 

d 

number,  Mc  and  check  if 
|Ma-Mc|  <  c 

whtre  e  =  desired  accuracy.  If  the  desired  accuracy  is 
obtained  proceed  to  the  next  step.  Otherwise,  steps  7  to  11 
should  be  repeated  until  the  desired  accuracy  is  obtained. 

12)  Calculate  density  from  T01  and  P0i 

Poi  =  Poi/RmToi 

13)  Calculate  the  density  based  on  the  static  properties. 

Pm  =  {1  +  (Ym-l)M2/2r1/(Vl).p 
m  in  oi 

14)  Calculate  the  mass  flow  rate 


Flow  Coefficient  at  Inlet  of  Each  Stage 


Although  a  flow  coefficient  is  inputed  at  compressor  inlet,  it  has 
to  be  determined  at  entrance  to  each  stage.  The  procedure  for  calcula¬ 
tion  of  axial  velocity  into  different  stages  with  a  fixed  mass  flow  is 
modified  as  follows. 

1)  From  the  previous  stage  outlet,  the  total  temperature,  Toi» 
and  the  total  pressure,  P01,  are  known. 

2)  Calculate  the  density  based  on  T01  and  P01 

Poi  =  P°l/RmTo1 
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3)  Assume  Mach  number  M. 

Q 

4)  Calculate  static  temperature,  T,  and  density,  p  . 

p  -  U  +  (y_-  l)M^/2 }”1/(Ym  _1)  .  p 
m  a  01 

T  ■  U  +  (vl)Ma/2rl* 

5)  Calculate  acoustic  speed 

*  *  W 

6)  Calculate  the  axial  velocity 

V  =  A/pA 
2  m 

7)  Calculate  the  absolute  velocity,  Vj. 

Vi  »  V2/cos  aj 

8)  Calculate  Mach  number 

M  =  Vx/a  =  Mc 

9)  Compare  the  assumed  Mach  number,  M  .  with  the  calculated  one 

a 

M  .  If  M^  agrees  reasonably  well  with  M  .  proceed  to  the 

C  C  a 

next  step.  Otherwise,  steps  3  to  9  should  be  repeated  until 
a  satisfactory  accuracy  is  obtained. 

10)  Calculate  the  flow  coefficient,  $,  at  the  entrance  to  the 
stage  under  consideration. 

*  ■  Vutip 

5.  Compressor  Stage  Characteristics 

The  compressor  stage  characteristics  for  the  ALLISON  T63-A5  axial 
flow  compressor  have  been  used  for  the  performance  calculation.  Overall 
and  stage  characteristics,  stage  vector  diagram,  hardware  geometry,  and 
aerodynamic  design  data  for  T63-A5  axial  flow  compressor  are  presented 
in  Appendix  1. 
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The  equivalent  pressure  ratio,  v  ,  equivalent  temperature  ratio,  t  , 
and  stage  adiabatic  efficiency,  n  ,  have  been  expressed  In  terms  of  the 
flow  coefficient  as  follows: 

V  =  Ax  +  Bj*  +  C^2  +  D^3  +  E^4  +  F^5  +  G^6 

n  =  A2  +  B2<j>  +  C24>2  +  D2$3  +  E2<(i4  +  F2<#>5  +  G24>6 

T  "  V  +  B3 

The  numerical  values  of  the  coefficients  A- ,  (i  =  1,2,3)  and  C^,  , 

Ei ,  F.. ,  Gi  (i  =  1,2)  are  presented  In  Table  A. 6.1.  These  three 
expressions  have  been  utilized  In  numerical  computation.  Once  the  values 
of  ,t  ,  and  n  corresponding  to  4>  are  obtained,  the  stage  outlet  pro¬ 
perties  can  be  calculated  from  their  definitions.  Actually  two  of  them 
are  enough  to  determine  the  stage  outlet  properties.  In  the  present 
calculation,  the  equivalent  temperature  rise  ratio,  t  ,  and  the  stage 
adiabatic  efficiency,  n  ,  are  used.  The  stage  total  temperature  rise, 
aT0  ,  stage  and  total  temperature  ratio,  T02/T01  ,  and  stage  total 
pressure  ratio,  P02/poi  »  are  given  by  the  following: 

4T°  ■  'utip2"utip/T°->D 

^02^^01  =  1  +  ATq/Tqj 

y/(y-1) 

p02/poi  ~  ( l  +  n  aTq/Tqi) 


These  properties  at  the  outlet  of  one  stage  become  the  inlet  properties 
for  the  next  stage. 


6.  Overall  Calculation  Procedures 

The  overall  calculation  procedure  for  air-methane  mixture  Is  summar¬ 
ized  In  the  form  of  a  flow  chart  In  Fig.  A. 6.1.  First  for  given  input 
data,  the  mass  flow  rate  Is  determined.  This  mass  flow  rate  is  constant 
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TABLE  A. 6.1 


i 

i 


VALUES  FOR  COEFFICIENTS  OF 


1st  Stage 

2nd  Stage 

3rd  Stage 
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FKimtoHi1 

628-4444*44447 

338-0.235 

B380. 41375 

338 

Figure  A.6.1  Overall  Calculation  Procedure  for 
Air-Methane  Mixture 


throughout  the  compressor.  At  the  entrance  of  each  stage*  the  flow 
coefficient  Is  determined.  Entering  the  stage  characteristics  curves, 
which  are  obtained  by  the  experiment,  the  stage  total  pressure  ratio, 
stage  total  temperature  ratio,  and  stage  adiabatic  efficiency  are  ob¬ 
tained.  These  determine  the  stage  outlet  properties,  which  become  the 
stage  Inlet  properties  for  the  next  stage.  The  calculation  Is  repeated 
until  the  calculations  for  all  of  the  six  stages  are  completed.  Then 
the  compressor  overall  performance,  that  Is,  overall  total  pressure 
ratio,  overall  total  temperature  ratio,  and  overall  adiabatic  efficiency, 
become  determined  for  the  chosen  mass  flow  rate. 

For  other  values  of  Initial  flow  coefficients  and  speeds  of 
rotation,  the  procedure  has  been  repeated  utilizing  the  relations 
postulated  for  the  stage  characteristics. 


APPENDIX  7 


PERFORMANCE  CALCULATION  PROCEDURE  FOR  AIR-WATER  MIXTURE 
FLOW  WITH  SMALL  DROPLETS 


1.  Assumptions  and  Model  Features 

The  assumptions  introduced  in  modeling  air-water  mixture  flow  with 
small  droplets  are  as  follows. 

(1)  The  mixture  is  saturated  with  water  vapor  at  the  compressor 
inlet. 

(2)  The  small  droplets  are  small  enough  to  follow  the  gas  phase 
streamlines.  Hence,  both  the  gas  phase  and  the  droplets 
absorb  angular  momentum  and  thus  work  input  to  the  compressor. 

(3)  The  total  number  of  droplets  entering  a  blade  passage  may  be 
divided  into  (i)  those  that  impact  a  blade  surface  and  ( i i ) 
the  balance  of  droplets.  The  former  in  turn  are  divided  into 
(a)  those  that  rebound  and  (b)  those  that  move  over  the  blade 
surface. 

(4)  Since  the  small  droplets  move  with  the  gas  phase,  the  direc¬ 
tion  of  motion  of  the  droplets  is  the  same  as  that  of  the  gas 
phase.  The  number  of  droplets  impacting  a  blade  surface  is 
then  proportional  to  the  blade  surface  area  projection  normal 
to  the  gas  phase  velocity  vector.  Half  of  the  droplets  that 
impact  the  blade  rebound  into  the  flow. 

(5)  The  other  half  of  the  droplets  impacting  a  blade  form  films  or 
streamers  running  to  the  trailing  edge  of  the  blade,  where 
they  are  re-entrained. and  accelerated  into  the  flow  as  part 

of  blade  wakes. 

(6)  The  droplet  size  is  unaffected  during  Impact  and  rebound 
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processes.  The  size  of  the  droplets  that  are  re-entrained  into 
the  wake  at  the  trailing  edge  can  be  predicted  by  consideration 
of  the  critical  Weber  number  above  which  droplets  can  be  ex¬ 
pected  to  break  up. 

(7)  Droplets  undergo  a  change  in  spanwise  location  due  to  the 
presence  of  centrifugal  flow  field.  The  spanwise  motion  of 
droplets  can  be  calculated  separately  based  upon  radial  veloc¬ 
ity  induced  by  the  centrifugal  flow  field. 

(8)  Drag  forces  between  droplets  and  the  gas  phase  are  neglected 
since  the  relative  velocity  between  the  two  phase  in  the  case 
of  small  droplets  is  assumed  to  be  small. 

(9)  Heat  and  mass  transfer  processes  occur  between  the  gas  and 
liquid  phases  and  are  accounted  for  at  the  exit  of  each  stage. 


2.  Calculation  Procedure 


The  initial  and  operating  conditions  required  to  perform  the  calcu 
lation  are  (i)  compressor  inlet  temperature  and  pressure,  (11)  blade 
rotational  speed,  (iii)  initial  water  content,  and  (1v)  initial  flow 
coefficient. 

The  performance  of  a  stage  is  then  calculated  as  follows  for  given 
initial  and  operating  conditions. 

(i)  The  stage  stagnation  pressure  ratio  is  calculated  utilizing 
experimental  data  obtained  from  air  flow  tests  for  stagnation 
temperature  ratio  and  efficiency.  The  stagnation  enthalpy 
rise  corresponding  to  a  chosen  flow  coefficient  and  opera¬ 
tional  rotating  speed  is  apportioned  between  the  liquid  and 
gaseous  phases.  The  liquid  phase  gains  in  temperature  while 
both  the  temperature  and  pressure  of  the  gaseous  phase 
Increase. 

(11 )  Heat  and  mass  transfer  between  the  two  phase  are  accounted  for 
at  the  exit  of  the  stage  under  consideration. 

(iii)  Spanwise  redistribution  of  droplets  due  to  centrifuging  is 
accounted  for  at  the  exit  of  the  stage. 


342 


(iv)  Change  in  droplet  size  is  accounted  for  at  the  exit  of  the 
stage. 

(v)  Based  on  the  results  of  calculations  in  steps  (i)  to  (iv),  one 
has  all  of  the  properties  of  two  phase  flow  at  the  exit 
plane  of  the  stage  under  consideration. 

(vi )  In  order  to  obtain  the  conditions  at  entry  to  the  next  stage, 
changes  in  the  spacing  between  stages  are  established  on  the 
bases  of  one-dimensional  flow  taking  into  account  area  change 
through  an  iteration  scheme.  In  carrying  out  this  calculation, 
it  is  necessary  to  have  the  fluid  outlet  angle  from  the  pre¬ 
ceding  stage.  The  fluid  outlet  angle  is  deduced  using  the 
concept  of  equivalent  diffusion  factor. 

The  calculations  are  then  repeated  for  succeeding  stages. 

2. 1  Mass  Flow  Rate 

At  the  compressor  inlet,  the  mass  flow  rate  of  mixture  of  air  and 
droplets  at  an  operating  speed  and  at  given  inlet  temperature  and 
pressure  is  determined  from  the  initial  flow  coefficient. 

The  mixture  is  a  compressible  fluid.  The  compressibility  effect 
introduced  by  the  presence  of  droplets  is  included  by  taking  into  con¬ 
sideration  the  acoustic  speed  in  a  droplet-laden  air  flow  for  calcu¬ 
lating  the  mixture  Mach  number.  Mass  flow  is  related  to  mixture  Mach 
number.  The  equation  for  the  acoustic  speed  in  a  mixture  of  air  and 
droplets  is  given  in  Appendix  11. 

The  mass  flow  rate  can  then  be  determined  as  follows. 

(1)  Calculate  the  axial  velocity 

V  =  *  U  . 

2  0  tip 

(2)  Calculate  the  specific  heat  at  constant  pressure  of  air  end 
water  vapor. 
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(3)  Calculate  the  gas  constant,  specific  heat  at  constant  pressure, 
and  specific  heat  ratio  of  the  gas  phase. 

Rg  -  Ru  CO-x;)/(mw)a  +  x;/(mw)v] 

cp  *  *;  cp,  +  *;  cp 
g  a  v 

Vg  Ml  -  ycPgJ>-’ 

where 


(4) 

(5) 

(6) 

(7) 

(8) 
(9) 


xa  =  V(rt,a  +  V 


*; =  V(lfta  +  V 


Calculate  the  stagnation  density  of  the  gas  phase. 

Assume  the  Mach  number  Ma  . 

Calculate  the  static  temperature  of  gas  phase. 

Tg  ■  <1  *  hg  -  1)HI  n  '  Toi,g 

Calculate  the  acoustic  speed  in  gas  phase. 

»g  *  VgVc^ 

Calculate  the  acoustic  speed  In  the  mixture. 

Calculate  the  Mach  number  M„  . 

c 


hc  ■  y. 
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(10)  Compare  the  assumed  Mach  number,  M  ,  with  the  calculated 
one,  ,  to  check  if 

|Ma  -  Mc|  <  e 

where  e  is  the  desired  accuracy.  If  satisfactory  accuracy 
is  obtained,  proceed  to  the  next  step.  Otherwise,  the  steps 
(5)  to  (9)  should  be  repeated. 

(11)  Calculate  the  static  density  of  gas  phase. 

Pg  *  (1  ♦  (Yg  -  l)H2/2)  V<V».  P01j, 

(12)  Calculate  the  density  of  the  mixture. 


(13)  Calculate  the  mixture  mass  flow  rate. 
%  * 


2.2  Flow  Coefficient 


Flow  coefficient  at  the  inlet  of  a  follow-on  stage  is  determined  as 
follows. 

(1)  From  the  previous  stage  outlet  properties,  the  gas  phase  total 

temperature,  T  ,  and  the  total  pressure,  P  ,  are 

oi 

known. 

(2)  Calculate  the  gas  constant,  specific  heat  at  constant  pressure, 
and  specific  heat  ratio  of  the  gas  phase. 

(3)  Calculate  the  stagnation  density  of  gas  phase. 


(4)  Assume  a  value  for  Mach  number,  M  . 

3 

(5)  Calculate  the  static  density  and  static  temperature  of  the 
gas  phase. 
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(6) 

(7) 

(8) 


Calculate  the  acoustic  speed  in  the  gas  phase. 
Calculate  the  acoustic  speed  in  the  mixture,  a. 
Calculate  the  density  of  the  mixture 


p 


m 


-1 


(9)  Calculate  the  axial  velocity. 


V  =  A/p  A 

z  mm 


(10)  Calculate  the  absolute  velocity. 


V  =  V  /cos  a 

1  *  1 

where  a  =  air  outlet  angle  of  the  previous  stage  stator. 

l 

(11)  Calculate  the  Mach  number,  Mc. 

M  =  V  /a 

c  1 

(12)  Compare  the  assumed  Mach  number,  M  ,  with  the  calculated  one 

a 

M  .  If  M  agrees  reasonably  well  with  M  ,  proceed  to  the 

C  a  C 

next  step.  Otherwise,  steps  (4)  to  (11)  must  be  repeated. 

(13)  Calculate  the  flow  coefficient  at  the  entrance  of  the  stage. 


* 


=  V£/U 


tip 


2.3  Compressor  Stage  Characteristics 

The  compressor  stage  characteristics  given  in  Appendix  1,  which 
apply  to  air  flow  through  the  compressor,  have  been  utilized  in  this 
calculation  for  obtaining  the  stage  temperature  ratio  and  stage  adia¬ 
batic  efficiency  for  the  mixture  of  air  and  droplets.  It  may  be 
recalled  that  the  stage  temperature  rise  corresponding  to  a  mixture 
flow  coefficient  has  to  be  apportioned  between  the  gas  and  liquid 
phases.  The  gas  phase  then  undergoes  a  change  in  temperature  and  press 
ure  while  the  liquid  phase  undergoes  only  a  temperature  change. 
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Utilizing  the  stage  temperature  ratio  and  adiabatic  efficiency,  one 
can  then  calculate  the  stage  pressure  ratio  and  the  change  in  water 
temperature.  In  the  current  method  of  calculating  stage  performance  for 
two  phase  flow,  all  of  the  other  effects  due  to  the  presence  of  drop¬ 
lets  are  taken  into  account  at  the  exit  of  the  stage  under  consider¬ 
ation. 


Regarding  apportionment  of  energy  input  into  the  mixture  in  a 
stage,  one  proceeds  as  follows.  The  work  input  is  expressed  as  follows. 

AH0  =  (AH0)i  +  (aH0)2  +  (AH0)2  +  (aH0)4 
where  aH0  =  actual  work  input  in  stage; 

( aH0 ) j  :  work  input  to  gas  phase; 

( aH0 ) 2  :  work  input  absorbed  by  droplets  which  do  not 
impinge  upon  blade  surface; 

( aH0 ) 3  :  work  input  absorbed  by  water  droplets  which 
impinge  upon  blade  surface,  adhere  to  form  a 
film  and  are  re-entrained  from  the  trailing 
edge;  and 

(aH0)4  :  work  input  absorbed  by  droplets  which  impinge 
upon  blade  surface  and  rebound. 


Defining  mass  fractions  as  follows. 

Xg  :  mass  fraction  of  gas  phase 

x  :  mass  fraction  of  water  which  does  not  impinge 

wi 

upon  the  blade  surface. 

x  :  mass  fraction  of  water  which  impinges  on  the 
W2 

blade  surface  and  rebounds 


x  :  mass  fraction  of  water  which  is  re-entrained 

W3 

from  the  trailing  edge 
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one  can  express  the  work  Input  fractions  as  follows  In  terms  of  the 
stage  work  done  factor,  x  . 

(»Ho)l  -  »MW9i  -We2)xg 
(sh„)2  *  xu2<w;2  -  w;2)  xki 

where  W01  and  WQ1  are  relative  inlet  wheel  velocities  of  the  gas 
phase  and  water  droplets  which  not  not  impinge  upon  the  blade  surface, 
respectively,  and  W02  and  WQ2  are  the  same  velocities  at  outlet. 

Also,  from  physical  considerations,  the  angular  momentum  change  of  water 
which  impinges  on  the  surface  and  adheres  to  form  films  and  is  finally 
re-entrained  from  the  trailing  edge  can  be  considered  to  be  negligible. 
Therefore, 

(aH0) 3  =  0. 

Then,  (AH0)4  can  be  calculated  by  writing 
(AHok  =  AHo  -{AHo)i  -  (AHok 

The  total  work  input,  AH0  ,  Is  calculated  from  the  stage  performance 
curves.  In  the  present  analysis,  since  we  are  considering  small  drop¬ 
lets,  the  velocity  lag  between  gas  phase  and  water  droplet  can  be 

considered  to  be  negligible.  Accordingly,  wl  and  W*  can  be  set  to 

01  02 

be  the  same  as  W„.  and  W., 

From  ( aH0  )  i  ,  (aH0)2  ,  (aH0)3  ,  and  (aH0  )  *♦  »  the  total  tempera¬ 
ture  rise  can  be  calculated  for  each  phase. 


The  size  of  droplet  which  Is  re-entrained  Into  the  wake  at  the 
blade  trailing  edge  is  calculated  as  follows. 

(1)  Assume  a  value  for  the  droplet  diameter,  d. 

(2)  Calculate  the  stability  number,  SN. 

2 

SN  -  uf/pgo  d  gc 
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(3)  Calculate  the  critical  Weber  number 

We,Crit  *  12  Cl  +  (SN)0-36] 

(4)  Calculate  the  largest  stable  droplet  diameter 

,  .  We'cHt  °  9c 

"»*  P9  Vg 

(5)  Compare  the  assumed  droplet  diameter  with  the  calculated 
droplet  diameter.  Repeat  until  satisfactory  agreement  is 
obtained. 

The  size  of  all  the  droplets  can  be  adjusted  on  the  basis  of  the 
above  in  the  inter-blade  row  spacing. 


2.5  Calculation  of  Centrifugal  Force  Effect 

Three  forces  act  on  a  droplet  moving  through  a  fluid:  (1)  the  ex¬ 
ternal  force  consisting  of  gravitational  and  centrifugal  forces;  (2)  the 
buoyancy  force,  which  acts  parallel  to  the  external  force,  but  in  the 
opposite  direction;  and  (3)  the  drag  force,  which  appears  whenever  there 
is  relative  motion  between  the  droplet  and  the  fluid,  and  acts  para¬ 
llel  to  the  direction  of  motion  but  in  the  opposite  direction.  In  the 
present  case,  the  direction  of  motion  of  a  droplet  relative  to  the 
fluid  is  not  parallel  to  the  direction  of  the  external  and  buoyant 
forces,  and  therefore  the  drag  force  makes  an  angle  with  the  other  two 
forces.  However,  under  the  one-dimensional  approximation,  the  lines 
of  action  of  all  forces  acting  on  the  droplet  are  co-1 inear  and  there¬ 
fore  the  forces  may  be  added  in  obtaining  a  balance  of  momentum,  as 
follows. 


m  du  _  c  F  _  p 

g_  dt  ”  e  "  rb  ’  D 
c 


where  F  ,  FK  and  Fn  are  the  external,  buoyancy  and  drag  forces, 
e  d  u 

respectively. 

The  external  force  can  be  expressed  as  the  product  of  mass  and 
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acceleration,  ag  ,  of  the  droplet  due  to  this  force,  and  therefore. 


In  the  present  case,  because  of  the  large  rotor  speeds,  the  centri¬ 
fugal  acceleration  is  far  larger  than  the  gravitational  acceleration. 

2 

a„  =  ru 
e 

where  r  is  the  radius  and  u>,  the  angular  velocity.  The  acceleration 
can  also  be  written  as  follows. 

ae  ’  ve/r 

where  V.  is  the  circumferential  velocity  of  the  droplet.  For  droplets 
passing  through  a  rotor  blade  passage,  the  circumferential  component 
of  the  relative  velocity,  W0  ,  should  be  used  in  place  of  V0  .  When 
there  is  a  large  change  in  whirl  velocity  between  the  inlet  and  the 
outlet  of  a  blade  row,  a  mean  value  of  velocity  may  be  more  applicable. 


The  buoyancy  force  is,  by  Archimedes'  principle,  the  product  of 
the  mass  of  the  fluid  displaced  by  the  droplet  and  the  acceleration 
from  the  external  force.  The  mass  of  fluid  displaced  is  (m/pw)pg  , 
where  pwis  the  density  of  water  and  pg  is  the  density  of  the  surround¬ 
ing  fluid.  The  buoyancy  force  is  then  given 


Fb  *  1  °g  ae/pw  9c 

The  drag  force  is  expressed  by  the  relation, 

o  2 

_sjl_  & 


=  c 


D  2  gc  "p 

where  Cq  Is  the  drag  coefficient  and  Ap  is  the  projected  area  of  the 
droplet  measured  in  a  plane  perpendicular  to  the  direction  of  motion  of 
the  droplet.  The  drag  coefficient  CQ  can  be  nsed  in  a  general 
form  as  follows. 


CD  =  bj/Re" 

where  Re  is  the  Reynolds  number  based  on  relative  velocity  between  gas 
and  droplet.  The  constants  b!  and  n  are  as  follows. 
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24.0, 

n 

*  1.0 

when  Re  < 

1.9 

18.5, 

n 

N 

O 

• 

o* 

when  1.9  < 

Re 

<  500 

0.44, 

n 

-  0.0 

when  500  < 

Re 

<  200,000. 

The  equation  of  droplet  motion  then  becomes  the  following: 

=  A/r  -  B  u2'n 

y/here 

*  ’  <Va,e  '  Vpw»  • 

B  »  3  A1P9,‘n/4»w  Dl+  "  . 

D  being  the  average  droplet  diameter.  Over  a  small  time  interval, 
the  equation  of  motion  can  be  written  as  follows: 

au  =  (A/r  -  B  u2"n)  At 

This  equation  can  be  used  to  determine  the  radial  location  of  a  droplet 
in  a  stage  as  follows: 

(1)  Select  the  initial  values  for  uj  and  r}  . 

(2)  Calculate  the  Reynolds  number  to  determine  the  values  of 
b]  and  n. 

(3)  Calculate  A  and  B. 

(4)  Calculate  the  change  of  u  during  time  interval  At. 

(5)  Calculate  the  new  velocity  u2  . 

u2  =  Uj  +  Au 

(6)  Calculate  the  change  in  location  of  droplet  in  terms  of 
Ar. 

Ar  =  (uj  +  u2)/2.0  •  At 

(7)  Calculate  the  new  radial  location. 

r2  *  ri  +  Ar 

(8)  Repeat  the  calculation  for  new  values  of  u2  and  r2  a"'1 
progressively  extend  the  calculation. 
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The  time  interval  should  be  sufficiently  small  In  order  to  ob¬ 
tain  reasonable  accuracy.  As  stated  In  Section  2.1.3  In  Chapter  II  of 
this  Report,  the  length  between  the  leading  and  trailing  edges  of  a 
blade  is  divided  Into  ten  steps.  The  time  Interval  at  is  then  given 
by  the  relation,  namely 


At  = 


chord 


V  10 

where  V  is  the  velocity  of  moisture  In  the  blade  passage. 


2.6  Heat  Transfer  to  Droplets 

The  heat  transfer  rate  can  be  determined  from  the  following 
equation 

It  -  hh  fl  <Tg  -  V 

where  hh  is  the  heat  transfer  coefficient.  A,  the  droplet  surface 

area,  T  ,  the  droplet  surface  temperature,  and  T  ,  the  temperature  of 
w  g 

the  surrounding  gas.  The  heat  transfer  coefficient  can  be  expressed 
as  follows: 


where  k  is  the  the  thermal  conductivity  of  air,  and  Nu,  the  Nusselt 

Q 

number.  The  Nusselt  number  can  be  expressed  in  terms  of  the  dimension¬ 
less  groups  as  follows: 

,  ,0.50,  ,0*33 

Nu  =  2.0  +  0.6  (Re)  (Pr) 

where  Re  is  the  Reynolds  number  based  on  the  relative  velocity  between 
the  droplet  and  the  surrounding  air,  and  Pr  Is  Prandtl  number. 

After  calculating  the  temperature  rise  of  the  water  and  gas  phases 
due  to  the  work  done  by  the  rotor,  the  heat  transfer  calculation  Is 
carried  out  as  follows: 

(1)  Calculate  the  average  droplet  diameter,  D^. 
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(2)  Calculate  the  number  of  droplets,  Nd< 


N 


d 


pw 


3 


where  m  is  the  mass  flow  rate  of  water  phase,  p  ,  the 
w  w 

density  of  water,  Vg  ,  the  axial  direction  velocity,  and 
az  ,  the  axial  length  of  one  stage. 

(3)  Calculate  the  droplet  surface  area,  A. 

(4)  Calculate  the  Nusselt  number,  Nu. 

(5)  Calculate  the  heat  transfer  coefficient,  h^. 

(6)  Calculate  the  stage  outlet  temperature  for  droplet  and  gas 
without  heat  transfer,  that  is 


+  UT#> 


wk 


TW2  ”  TW1  +  ^w\*k 

where  (ATg)wk  and  (ATw)wk  are  the  temperature  rise  of  gas 
and  water  due  to  work  done  by  rotor. 

(7)  Calculate  the  amount  of  heat  transferred  from  the  gas  to  the 
droplet. 


AH  =  h.  A  (T  -  T  ) 
h  g2  W2 ' 

(8)  Calculate  the  temperature  rise  of  the  droplet  and  the  tempera¬ 
ture  drop  of  the  surrounding  gas. 

<4Vht  ■  4H/VS 

<aHw>ht  *  4H/d\.cw 

where  cw  is  the  specific  heat  for  water  and  cs  is  the  humid 
heat  for  air-water  mixture. 

(9)  Calculate  the  stage  outlet  temperature  for  droplet  and  gas. 


Tg2  *  Tgi  *  (sTg>»k-  <4Tg>ht 

*w2  "  TW1  +  ^a^w^wk  +  ^ATw^ht 
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(10)  Using  the  temperature  calculated  In  step  (9),  repeat  the 
steps  (7)  to  (9)  until  a  desired  accuracy  is  obtained. 


2.7  Mass  Transfer  to  Droplets 

The  mass  transfer  rate  can  be  calculated  by  the  following 
equation 

3?  =  hm  A(Cwb  '  Cw> 

where  hm  is  the  mass  transfer  coefficient.  A,  the  droplet  surface  area, 
Cwb»  the  water  vapor  concentration  at  droplet  surface,  and  Cw  ,  the 
water  vapor  concentration  in  fluid  flow  around  droplet. 

Since  the  density  represents  the  mass  concentration,  and  the 
vapor  is  almost  a  perfect  gas,  the  mass  transfer  rate  can  be  expressed 
in  terms  of  vapor  pressure  as  follows: 


dm 

Si 


dm 

Si 


hm  A(pwb"  pw} 


h  A 
m 


wb 


wb 


where  Ry  is  the  gas  constant  for  water  vapor,  Pwb  ,  the  vapor  pressure 
at  droplet  surface,  Pw  ,  the  vapor  pressure  in  fluid  flowing  around 
droplet,  Twb  ,  the  vapor  temperature  at  droplet  surface,  and  Tw  ,  the 
vapor  temperature  in  fluid  flowing  around  droplet. 


The  surface  area.  A,  for  the  droplet  cloud  is  given  by  the  rela¬ 
tion, 

A  *  Nd 

where  is  the  average  droplet  diameter,  and  ,  the  number  of  drop¬ 
lets. 

The  mass  transfer  coefficient,  h.is  expressed  as  follows. 

m 
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m 


Sh 


where  Dy  is  the  diffusion  coefficient,  and  Sh,  the  Sherwood  number. 


A  semi -empirical  equation  for  the  diffusion  coefficient  in 
gases  is  given  by 


435.7 


r3/2 


p(vJ/3+  vj/3)2 


% 


where  Dy  is  in  square  centimeters  per  second,  T  Is  in  degree  Kelvin, 
p  is  the  total  system  pressure  in  newtons  per  square  meter,  and  VA  and 
Vg  are  the  molecular  volumes  of  constituents  A  and  B  as  calculated  from 
the  atomic  volumes.  M^  and  Mg  are  the  molecular  weights  of  constituents 
A  and  B.  For  water-air  systems,  the  numerical  values  of  Vft,  Vg, 
and  Mg  are  given  as  follows: 

VA  =  Vair  -  29‘9  MA  =  M  air  =  28‘9 

VB  ~  ^ater  *8,8  ^ater  =  *8,8 


When  the  relative  velocity  between  a  single  droplet  and  the 
surrounding  fluid  approaches  zero,  the  following  relationship  is  used 
to  determine  the  mass  transfer  rate:  Sh  =  2.0. 


Mass  transfer  rates  Increase  with  increase  in  relative  velocity 
between  the  droplet  and  the  surrounding  air  due  to  the  additional  mass 
transfer  caused  by  the  convection  in  the  boundary  layer  around  the  drop¬ 
let.  The  mass  transfer  coefficient  from  a  spherical  droplet  can  be 
expressed  In  terms  of  dimensionless  groups  as  follows: 

Sh  =  2.0  +  k(Re)x(Sc)y 

where  Re  is  the  Reynolds  number  based  on  relative  velocity,  which 
expresses  the  ratio  of  inertial  force  to  viscous  force,  and  Sc  Is  the 
Schmidt  number,  which  expresses  the  ratio  ofkinetlc  viscosity  to 
molecular  diffusivity. 
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There  is  much  discussion  over  the  values  of  x,  y,  and  k.  The 
form  most  widely  applied  is  the  Ranz  and  Marshall  equation  which  is 


Sh  *  2.0  +  0.6  (Re)0,50(Sc)0,33 


The  procedure  for  determining  the  mass  transfer  rate  is  as 
follows. 

(1)  Calculate  the  Sherwood  number,  Sh. 

(2)  Calculate  the  diffusion  coefficient,  Dy  . 

(3)  Calculate  the  average  droplet  size,  . 

(4)  Calculate  the  mass  transfer  coefficient,  hm- 

(5)  Calculate  the  total  number  of  droplets,  Nd. 

(6)  Calculate  the  total  surface  area  for  all  droplets. 

(7)  Calculate  the  water  vapor  pressure  at  droplet  surface, 
Pwb  ’  based  on  *be  droplet  surface  temperature,  T  . 

(8)  Assume  the  vapor  pressure,  pw  ,  and  set  p  =  (p  )  . 

W  W  W  a 

Hm 

(9)  Calculate  the  mass  transfer  rate,  ^  . 

(10)  Calculate  the  new  value  of  water  mass  flow  rate. 

•  -  *  dm 

mw  "  ^w  "  it 

(11)  Calculate  the  new  value  of  vapor  mass  flow  rate. 


(12)  Calculate  the  specific  humidity,  W. 

W  =  my/ma 

where  m.  is  the  air  mass  flow  rate. 

a 

(13)  Calculate  the  vapor  pressure. 

(14)  Compare  the  calculated  value,  (Pw)c  »  with  the  assumed 
value,  (pw)fl. 

If  (Pw)c  agrees  reasonably  well  with  the  assumed  value 
(pw)c  *  proceed  to  step  (15).  Otherwise,  steps  (8)  to  (14) 
should  be  repeated. 

(15)  Using  the  determined  p  ,  the  mass  transfer  rate  is  calculated. 

Vf 
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Also,  the  specific  humidity  can  be  determined  by  the 
following  equation: 

PW 

W  =  0.6219 

w 


3.  Overall  Calculation  Procedures 


1.  Input  Data 

(i)  compressor  inlet  temperature: 
(ii)  compressor  inlet  pressure: 
(ill)  rotational  speed  : 

(iv)  initial  water  content: 

(v)  initial  droplet  size: 

(vi)  initial  flow  coefficient: 

2.  Axial  velocity: 

3.  Specific  humidity  for  saturated  air 
at  Toi 

4.  Water  mass  fraction; 

5.  Vapor  mass  fraction: 

6.  Dry  air  mass  fraction; 

7.  Density  of  mixture : 

8.  Mass  flow  rate  of  mixture: 

9.  Mass  flow  rate  of  air: 

10.  Mass  flow  rate  of  vapor: 

11.  Mass  flow  rate  of  water: 


Toi 

Poi 

N 


w,o 

Do 


V«  *  UttP\ 


w 


W. 

1  +  (1  ■ 
10  -  N,  -  xv 


m 


^m 

ill. 


m„ 


*w  s 


pm  V 
Va 

Vv 

Vw 
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12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 

21. 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


29. 


30. 


Impingement,  rebound,  and 
re-entrainment  for  IGV 


Nominal  droplet  size 

Density  at  rotor  inlet: 

Axial  velocity  at  rotor  Inlet: 

Flow  coefficient  at  rotor  inlet: 

Entering  the  Compressor  map  with 
<j>  to  get  adiabatic  efficiency  n  * 
and  temperature  rise  aT0. 

Total  input  energy: 

Energy  absorbed  by  gas  phase: 

Energy  absorbed  by  droplet: 

Temperature  rise  of  gas  phase  due  to 
rotor  work: 

Temperature  rise  of  droplet  due  to 
rotor  work: 

Pressure  ratio: 


p 

V. 


V“tip 


4H1n  *  cp/To 

4Hg  AH1n  xg 
4Hw  =  4Hinxw 


(iT) 


work 


^ATw^work 


{  l  + 


'01 


y/(y-1) 

} 


Stage  outlet  pressure: 


P02 


■  C,p°' 


Construct  velocity  triangle 

Impingement,  rebound,  re-entrainment 
for  rotor 


Nominal  droplet  size  at  rotor  outlet 

Centrifugal  effect  In  the  rotor 

Impingement,  rebound,  re-entrainment 
for  stator 

Nominal  droplet  size  at  stator  outlet 
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31.  Stage  outlet  pressure 

32.  Heat  transfer  calculation  to  find 
(ATg)  Heat  Transfer,  and  (aTw)  Heat 
transfer 

33.  Temperature  of  gas  phase  at  stage 
outlet: 

V  Tgi  +  ^ATg^work  '  ^ATg^Heat  Transfer 

34.  Temperature  of  droplet  at  stage 
outlet: 

^W2  Twi  +  ^w^work  +  ^w^Heat  Transfer 

35.  Mass  transfer  calculation 

36.  Mass  fraction  of  water  x  ,  mass  frac- 

w 

tion  of  vapor  xy. 

37.  Specific  humidity:  W  =  m  /m 

W  d 

38.  Adjust  droplet  size  based  on  mass 
transfer  rate 

39.  Make  the  outlet  properties  be  inlet 
properties  for  the  next  stage 

40.  Repeat  steps  14  -  39  until  the 
calculation  of  the  last  stage  is 
finished. 
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APPENDIX  8 


PERFORMANCE  CALCULATION  PROCEDURE  FOR  AIR-WATER  MIXTURE 
FLOW  WITH  LARGE  DROPLETS 

1.  Assumptions  and  Model  Features 

Referring  to  Appendix  7,  Section  1  therein  has  been  devoted  to  a 
discussion  of  assumptions  and  model  features  for  the  case  of  small 
droplets.  In  the  case  of  large  droplets,  all  of  the  assumptions  for 
the  case  of  small  droplets  apply  except  the  following. 

Item  (2):  The  large  droplets  are  not  expected  to  follow  the 
gas  phase  streamlines  and  hence  do  not  share  the 
work  input  with  the  gas  phase. 

Item  (4):  The  large  droplets  move  with  substantial  relative 

velocity  with  respect  to  the  gas  phase  and  have  equal 
probability  of  motion  in  all  directions.  However, 
regarding  the  latter  aspect,  the  droplets  are  divided 
into  two  subclasses  with  a  direction  of  motion  for 
each  class,  specified  with  respect  to  the  gas  phase 
velocity  vector.  The  number  of  droplets  impacting 
on  the  blade  surface  is  then  proportional  to  the 
blade  surface  area  projection  normal  to  the  velocity 
vectors  for  the  two  subclasses  of  droplets. 

Item  (7):  Centrifugal  force  action  is  confined  to  those  drop¬ 
lets  that  impact  the  blade  but  do  not  rebound  back 
to  the  gas  stream. 

Except  for  modifications  arising  with  respect  to  the  foregoing,  the  rest 
of  the  assumptions  are  the  same  as  in  the  case  of  small  droplets. 
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2.  Calculation  Procedure 


The  initial  and  operating  conditions  required  to  perform  the 
calculation  are  (i)  compressor  inlet  temperature  and  pressure,  (11)  blade 
rotational  speed,  (ill)  Initial  water  content,  and  (1v)  Initial  flow 
coefficient. 

The  performance  of  the  stage  Is  then  calculated  In  the  same  manner 
as  In  the  case  of  small  droplets  (Appendix  7,  Section  2)  except  for  the 
following:  large  droplets  only  affect  the  gas  phase  mass  flow  and  no 
part  of  the  work  Input  goes  directly  into  the  large  droplets. 

2.1  Mass  Flow  Rate 

At  the  compressor  inlet,  the  mass  flow  rate  of  mixture  of  air  and 
droplets  at  an  operating  speed  and  at  given  inlet  temperature  and  pres¬ 
sure  is  determined  from  the  initial  flow  coefficient. 

The  procedure  for  calculating  the  gas  and  liquid  mass  flow  rates 
corresponding  to  a  value  of  flow  coefficient  Is  the  same  as  that  describ¬ 
ed  in  Appendix  7,  Section  2.1. 

2.2  Flow  Coefficient 

Flow  coefficient  at  the  inlet  of  a  follow-on  stage  is  determined  in 
the  case  of  large  droplets  In  the  same  manner  as  in  the  case  of  small 
droplets  utilizing  the  procedure  given  in  Appendix  7,  Section  2.2. 

2.3  Compressor  Stage  Characteristics 

The  compressor  stage  characteristics,  given  in  Appendix  1,  which 
apply  to  air  flow  through  the  compressor,  have  been  utilized  In  this  cal¬ 
culation  for  obtaining  the  stage  temperature  ratio  and  stage  adiabatic 
efficiency  for  the  gaseous  phase.  Droplets  do  not  share  in  the  work 
Input.  Accordingly,  utilizing  the  terminology  of  Appendix  7,  Section 
2.3,  the  work  input  is  simply  expressed  as  follows. 


w 


2.4  Droplet  Classification 

The  large  droplets  are  divided  as  stated  in  Chapter  III,  Sec 
tion  3.3.2,  into  two  subclasses,  each  subclass  with  an  assigned 
direction  of  motion  and  a  total  number  of  droplets. 


Referring  to  Fig.  A. 8.1  ,  the  two  subclasses  are  shown  as  (1)  and 

(2)  which  have  direction  of  motion  given  by  y  ,  and  y  relative  to 

1  2 

the  gas  phase  velocity  vector.  The  total  number  of  droplets  in  subclass 
(1)  is  proportional  to  angle  2yx  and  those  in  subclass  (2)  is  propor¬ 
tional  to  angle  2y2  or  (180  -  2yj).  The  relative  velocity  between  the 
gas  phase  and  droplets  of  subclass  (1)  is  given  by  the  difference  be¬ 
tween  Vgi  and  the  component  of  V  (the  velocity  of  droplets  of 
subclass  (1)  in  the  direction  of  V  .  Similarly,  the  relative  velocity 
between  the  gas  phase  and  the  droplets  of  subclass  (2)  is  given  by  the 

difference  between  V  .  and  the  component  of  V  in  the  direction  of  V 

91  P2  gi 

Thus,  for  droplets  of  subclass  (1),  the  relative  velocity  is  given  by 

the  relation. 


V°s  y 


i 


and  for  droplets  of  subclass  (2),  the  relative  velocity  is  given  by  the 
relation. 


V  cos 
P2 


Y 


2 


In  Fig.  A. 8.1,  the  blade  outlet  conditions  are  also  shown.  As  at 
the  blade  inlet  section,  the  relative  velocities  between  the  gas  phase 
and  droplets  of  subclasses  (1)  and  (2)  may  be  written  as  follows. 

V  -  V  cos  6  for  subclass  (1),  and 

92  pi  i 

Vg2  -  V  cos  6 2  *or  su^c^ass  (2), 

where  ^  is  the  inclination  of  the  mean  velocity  vector  for  subclass  (1) 
and  62  ,  the  inclination  of  the  mean  velocity  vector  for  subclass  (2), 
both  of  them  measured  with  respect  to  the  gas  phase  velocity  vector  at 
outlet,  designated  Vgz  .  Once  again,  at  the  outlet  section,  the 
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number  of  droplets  in  subclass  (1)  is  proportional  to  angle  26 lt  and 
the  number  of  droplets  In  subclass  (2)  is  proportional  to  angle  262  or 
(180  -  26^.  It  Is  clear  that  the  total  number  of  droplets  is  divided 
into  two  new  subclasses  at  the  outlet,  based  on  the  directions  of  motion 
of  droplets  relative  to  the  gas  phase  velocity.  The  two  subclasses  at 
the  outlet  are  the  ouput  from  the  blade  row  for  the  given  Initial  and 
operating  conditions. 

2.5  Droplet  Drag 

The  droplet  drag  losses  are  Included  as  additional  two  phase  flow 
losses  at  stage  exit.  They  are  based  on  droplet  drag  which  Is  a  func¬ 
tion  of  droplet  Reynolds  number  based  on  droplet  diameter  and  droplet 
relative  velocity  with  respect  to  the  gas  phase.  The  droplet  relative 
velocities  for  the  two  subclasses  of  droplets  has  been  discussed  In 
the  previous  section. 

2.6  Adjustment  of  Droplet  Size 

The  size  of  droplets  at  the  exit  plane  of  a  blade  row  of  stage  is 
calculated  based  on  Weber  number  in  the  same  manner  as  described  In 
Appendix  7,  Section  2.4  for  the  case  of  small  droplets. 

The  readjusted  droplet  size  becomes  part  of  the  initial  conditions 
for  the  next  row  along  with  the  identification  of  the  two  subclasses  for 
droplets  at  the  exit  plane  of  the  previous  row  of  blades. 

2.7  Calculation  of  Centrifugal  Force  Effect 

In  the  case  of  large  droplets,  because  of  the  general  Independence 
of  droplet  motion  with  respect  to  gas  phase  motion,  centrifugal  force 
action  has  to  be  confined  to  what  arises  on  the  surface  of  rotor  blades 
for  droplets  that  Impact  on  them  and  are  not  rebound.  Droplets  In  the 
free  stream  through  the  blade  passages  are  unaffected  by  the  whirl  com¬ 
ponent  of  gas  phase  velocity. 

With  this  qualification,  centrifugal  force  action,  resulting  in 


365 


spanwise  redistribution  of  droplets  at  the  exit  of  a  stage.  Is  calcu¬ 
lated  for  large  droplets  in  the  same  manner  as  for  small  droplets,  as 
described  In  Appendix  7,  Section  2.5. 

2.8  Heat  and  Mass  Transfer  Effects 

Heat  transfer  to  droplets  and  mass  transfer  from  droplets  to  gas 
phase  are  calculated  for  large  droplets  in  the  same  manner  as  for  the 
case  of  small  droplets,  according  to  the  procedure  outlined  in  Appendi 
7,  Sections  2.6  and  2.7. 

These  processes  are  taken  into  account  at  the  exit  of  a  stage  as 
additional  two  phase  flow  effects. 


3.  Overall  Calculation  Procedures 


1. 

Input  data 

(i)  compressor  inlet  temperature: 

Toi 

(1i)  compressor  inlet  pressure: 

poi 

(111)  rotational  speed : 

N 

(iv)  initial  water  content: 

xw,o 

(v)  initial  droplet  size: 

Do 

(vi)  initial  flow  coefficient: 

*0 

2. 

Axial  velocity: 

Vz  =  Vo 

3. 

Specific  humidity  for  saturated 

air  at  T01: 

W 

"s 

4. 

Water  mass  fraction: 

X 

W  u 

5. 

Vapor  mass  fraction: 

\  ’  rnr _(1  -  x«.> 

6. 

Dry  air  mass  fraction: 

*«  *  i-o  \ 

7. 

Density  of  mixture: 

pm 

8. 

Mass  flow  rate  of  mixture: 

\  vz  * 

9. 

Mass  flow  rate  of  air: 

*.  ’  *m  \ 

10. 

Mass  flow  rate  of  vapor: 

\  -  *,  \ 

11. 

Mass  flow  rate  of  water: 

m  =  m  x 
w  m  w 

12. 

Impingement,  rebound  and 

re-entrainment  for  IGV 

13. 

Nominal  droplet  size 

14. 

Density  at  rotor  inlet: 

p 

15. 

Axial  velocity  at  rotor  inlet: 

Vz 

16. 

Flow  coefficient  at  rotor  inlet : 

*  *  Vutip 

17. 

Entering  the  Compressor  map  with 

* 

to  get  adiabatic  efficiency,  n  , 
temperature  rise  AT0 

and 

18. 

Total  input  energy  : 

AHin  “  cpa  AT° 

19. 

Energy  absorbed  by  gas  phase  : 

AHg  =  AHin 

20. 

Energy  absorbed  by  droplet: 

AHw  =  0 

21. 

Temperature  rise  of  gas  phase 
due  to  rotor  work: 

(AT)work 

22. 

Temperature  rise  of  droplet  due 

to  rotor  work: 

<AT>work  "  0 

23. 

Pressure  ratio: 

24. 

Stage  outlet  pressure: 

P02 

P02  =  (  ^-)P0 

25. 

Construct  velocity  triangle 

26.  Impingement,  rebound,  re-entrain 
ment  for  rotor 
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27.  Nominal  droplet  size  at  rotor  outlet 

28.  Drag  for  rotor  flow 

29.  Centrifugal  effect  In  the  rotor 

30.  Impingement,  rebound,  re-entrain¬ 
ment  for  stator 

31.  Nominal  droplet  size  at  stator  outlet 

32.  Drag  for  stator  flow 

33.  Total  drag  and  associate  pressure 
loss 

34.  Stage  outlet  pressure 

35.  Heat  transfer  calculation  to  find 
^AlV  Heat  Transfer  and  ^aTw^  Heat  Transfer 

36.  Temperature  of  gas  phase  at  stage 
outlet; 

T92  ~  Tgi  +  ^AlVwork  "  ^ATg^Heat  Transfer 

37.  Temperature  of  droplet  at  stage 
outl  et: 

Tw2  ~  Twx  +  ^ATw^Heat  Transfer 

38.  Mass  transfer  calculation 

39.  Mass  fraction  of  water  x  ,  mass 

w 

fraction  of  vapor  xy. 

40.  Specific  humidity;  W  =  n^/ma 

41.  Adjust  droplet  size  based  on  mass 
transfer  rate 

42.  Make  the  outlet  properties  be  Inlet 
properties  for  the  next  stage 

I 
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43. 


Repeat  steps  14  to  42  until  the  calculation  of  the 
last  stage  is  finished. 
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APPENDIX  9 


CALCULATION  PROCEDURE  FOR  LOCAL  INJECTION  AND 
INSTANTANEOUS  EVAPORATION  OF  WATER 


1.  Model  and  Assumptions 

(1)  Water  Is  Injected  Into  the  compressor  at  the  correct 
temperature  at  chosen  locations  in  the  compressor  to 
undergo  instantaneous  evaporation  locally.  Consequently 
there  is  an  Instantaneous  reduction  In  fluid  temperature 
and  increase  in  the  gas  phase  mass  content.  All  of  the 
water  Injected  (T.5  per  cent  in  all  of  the  cases  dis¬ 
cussed  here)  is  assumed  to  undergo  evaporation.  The 
aero-mechanical  effects  due  to  the  presence  of  water 
droplets  are  therefore  entirely  left  out  of  account 
except  for  the  evaporation  process. 

(2)  Both  prior  to  and  after  the  evaporation  of  water,  the 
performance  of  various  stages  of  the  compressor  Is  based 
on  air  flow  data.  In  estimating  the  performance  of  a 
stage  with  air-stream  mixture,  account  is  taken  of 
changes  In  molecular  weight  and  ratio  of  specific  heats. 

2.  Calculation  Procedures 

A.  Pre-Evaporation 

(1)  Select  compressor  inlet  temperature  T  ,  pressure  P  , 

01.  oi 

rotation  speed  N  ,  and  mass  flow  rate  m. 

(2)  Calculate  stagnation  density  from  P  and  T  . 

01  01 
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(3)  Assume  Mach  number  M  . 

9 

(4)  Calculate  static  density,  p,  and  static  temperature  T. 

p  -  .  (i  ♦  ijl  mVi/(t_1) 

o  t  a 

t  =  t  (i  +  mV1 

o  *  a 

(5)  Calculate  axial  velocity  V  . 

Vz  =  m/pA 

(6)  Calculate  Mach  number,  M  . 

mc  »  v/v^fg^  . 

(7)  Compare  the  calculated  value  Mc  with  the  assumed  value  Mfl. 

If  M  agrees  reasonably  well  with  M  proceed  to  Step  (8). 

C  9 

Otherwise,  Steps  (3)  to  (6)  have  to  be  repeated. 

(8)  Calculate  rotor  tip  speed 

uttP  *  rtiP  2,N/60 

\ 

(9)  Calculate  flow  coefficient 

♦  *  Vutip 

(10)  Obtain  from  stage  characteristic  curves  the  corresponding 
pressure  rise  coefficient,  ip,  and  stage  efficiency  n  . 
Hence  calculate  the  stage  outlet  total  pressure  and  total 
temperature. 

B.  Evaporation  and  Post-Evaporation 

Evaporation  can  occur  at  the  entry  of  a  specified  stage  when  the 
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following  conditions  are  satisfied. 

(1)  stage  Inlet  temperature  Is  higher  than  the  local  boiling 
point  of  water;  and 

(2)  Inlet  temperature  Is  high  enough  to  supply  the  required 
latent  heat  of  evaporation  of  water. 

Then,  the  Inlet  temperature  drops  by  an  amount  given  by 

aT  ■  N,  Vcp 

where  Is  water  content,  and  Hy  Is  latent  heat  of  vaporization.  Also, 
the  mass  flow  Increases  by  the  amount  of  water  undergoing  evaporation. 

When  the  changes  In  temperature  and  mass  flow  are  accounted  for 
at  the  stage  where  evaporation  takes  place,  the  performance  of  various 
succeeding  stages  can  be  calculated  as  In  pre- evaporation  stages. 


APPENDIX  10 


CALCULATION  PROCEDURE  FOR  AIR-WATER  DROPLET 
MIXTURE  FLOW  WITH  EVAPORATION 


1.  Assumptions  and  Model 

1)  The  water  droplets  belong  to  the  category  of  small  droplets. 

2)  The  inlet  temperature  of  the  mixture  is  sufficiently  high  to 
permit  evaporation  of  (at  least)  part  of  the  water  at  some 
stage  in  the  compressor. 

2.  Calculation  Procedure 


The  calculation  procedure  up  to  the  location  where  water  begins 
to  undergo  change  of  phase  is  the  same  as  that  described  in  Appendix  7. 

The  calculation  procedure  following  the  location  where  water 
undergoes  evaporation  is  the  same  as  that  described  in  Appendix  9,  part 
(B)  of  Calculation  Procedure. 
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APPENDIX  11 


FUNCTIONAL  EXPRESSIONS  FOR  THERMO-PHYSICAL  PROPERTIES 


1.  Properties  of  Air,  Steam,  and  Methane 

A.  Specific  Heat  at  Constant  Pressure 

The  specific  heat  at  constant  pressure  for  various  gases  can  be 
calculated  by  writing  (Ref.  38) 

,  12  3  4 

cp  =  (a  +  bT  +  cT  +  dT  +  eT  )R 

where  cp  =  specific  heat  at  constant  pressure  EJ/kg-lQ,  T  =  temperature 
CK],  and  R  =  gas  constant  [J/kg-K]. 

Values  of  coefficients  a,  b,  c,  d,  and  e  are  presented  in  Table 
A. 11.1  for  air,  steam  and  methane. 

B.  Molecular  Weight,  Gas  Constant  and  Specific  Heat  Ratio 

Molecular  weight,  gas  constant,  and  mean  value  of  specific  heat 
ratio  for  air,  steam,  and  methane  employed  in  the  calculations  are 
presented  in  Table  A. 11.2.  Utilizing  these,  one  can  calculate  the 
properties  for  mixtures  of  gases. 

C.  Saturation  Vapor  Pressure 

The  saturation  vapor  pressure  ps  ,  can  be  related  to  the  satura¬ 
tion  vapor  temperature,  T$  ,  by  the  following  equation  (Ref.  39  ): 

l0V>s  ■  A  -  B/Ts 


COEFFICIENT  FOR  c  CALCULATION 


I 


CM  CM  CM 

rH  H 
I  I  I 


o 

o 

O 

rH 

M 

iH 

X 

X 

X 

CM 

VO 

r- I 

CM 

o 

O 

LO 

CM 

o 

VO 

CM 

00 

OS 

o 

o 

VO 

os 

1 

OS 

Or 

1 

o 

o 

O 

rH 

rH 

rH 

X 

X 

X 

CM 

o> 

rH 

co 

CM 

rH 

VO 

CO 

a 

cr. 

r^. 

rH 

CM 

CM 

1 

CM 

1 

VO 

VO 

VO 

1 

i 

1 

o 

o 

o 

rH 

rH 

rH 

1=  V  v 

O  s  o 


(f 

cl  -3  |q> 


vo 

m 

rH 

in 

os 

in 

o 

vr 

CM 

• 

• 

• 

rH 

00 

00 

VO 

rH 

CM 

in 

X 

X 

X 

< 

5 

rH 

CM 

0* 

t/> 

CM 

rH 

CO 

r— 

z 

^3* 

CM 

00 

JO 

o 

OS 

in 

in 

CJ 

CM 

rH 

in 

H- 

• 

• 

• 

to 

CO 

*3- 

CM 

3 

4->  CVJ  CM 

q-  a:  If)  N  M 

ii  n  n  n 

4"  E  • 

jq  xj  co  m  vo 

r-  r—  in  00 


CO  CO  CO 

I  I  I 

o  o  o 


vo  in  vn 
co  ^ 

N  CO  C> 

co  o 
co  h  as 


*a- 

VO 

CO 

vo 

rH 

os 

O 

o 

• 

• 

• 

00 

00 

VC 

CM 

r*': 

o> 

CO 

cr> 

in 

rH 

rH 

co 

o 

VO 

in 

CM 

vo 

o 

00 

• 

• 

• 

co 

P0 

0) 

c 

e 

<0 

§ 

x: 

1. 

0) 

4-» 

•f— 

4-> 

0> 

< 

CO 

z: 

B  S 
io  -c 
J.  flj 

•P  4J  fl) 

<  CO  SET 


At  25  °C  atmosphere  pressure,  **  at  110  °C,  atmospheric  pressure. 


The  constants  A  and  B  are  given  as  follows: 

A  *  5.97780  B  *  2224.4  when  20  C  <  T$  <  100  C 

A  ■  5.64850  B  *  2101.1  when  100  C  <  T$  <  200  C 

A  *  5.45142  B  =  2010.8  when  200  C  <  T  <  350  C 

2  S 
where  p  Is  In  [Kg/cm  ]  and  T  Is  In  [°K], 

5  S 

D.  Temperature  of  Bolling  and  Dew  Point 

In  order  to  find  the  local  boiling  point  and  dew  point,  the  follow¬ 
ing  simple  relationships  can  be  used. 

Tbo11  ■  B/(A  -  ,0V> 

Tdew  ■  B/(A  -  l0V.> 

where  p  Is  local  mixture  pressure,  and  p^  Is  local  vapor  pressure. 

The  constants  A  and  B  are  the  same  as  those  of  the  saturation 
temperature-saturation  pressure  equation  in  part  C. 

E.  Specific  Humidity 

The  specific  humidity  Is  defined  as  follows  (Ref.  40  ): 

W  =  0.6219  — 

P  -  Pw 

where  pw  =  vapor  pressure  and  p  *  mixture  pressure. 

The  specific  humidity  can,  also.be  calculated  from  the  relation 


where  ni  and  m  are  mass  flow  rate  of  vapor  and  dry  air,  respectively. 

F.  Saturation  Specific  Humidity 

The  saturation  specific  humidity,  W  ,  Is  defined  as  specific 
humidity  corresponding  to  saturation  vapor  pressure,  p$.  Thus, 
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Pc 

Wc  =  0.6219  - - — 

s  P  -  Ps 

Figure  A. 11.1  shows  the  relation  between  temperature  and  saturation 
specific  humidity. 

G.  Latent  Heat  for  Vaporization 

The  latent  heat  for  vaporization  can  be  expressed  in  terms  of 
temperature  for  any  specified  temperature  range.  In  the  present 
investigation,  the  temperature  range  of  interest  is  100  ^  400  °F 
(38  ^  205  °C).  In  this  temperature  range,  the  latent  heat  for  vapori¬ 
zation,  Hv  ,  may  be  written  as  follows 

Hy  =  aT  +  b 

where  units  of  H  and  T  are  CBtu/lb  3  and  CF3  ,  respectively,  and 
v  m 

a  =  -0.6840909,  b  =  1115.3272.  Figure  A. 11.2  shows  the  relation 
between  latent  heat  for  vaporization  and  temperature  in  the  chosen 
range  (Ref .  41). 


2.  Acoustic  Speed  in  Droplet-Laden  Air 


The  acoustic  speed  in  droplet-laden  air  flow  is  given  by  the 
following  relation  (Ref.  22  ): 

.  _  |  r/1  _  x  _  _  1  x  ~  ?V  J.  °V 

Q 


{(1  -  a  )p  +  a  p  }  {  - +  - ^-7—  } 

1  v/pg  vpw  p„a„2  -jjr-  t 


9  9 


w  w  J 


where  a  = 


acoustic  speed  in  a  droplet-laden  air  flow 
gas  phase  acoustic  speed 
liquid  phase  acoustic  speed 
density  of  gas  phase 
density  of  liquid  phase 
particulate  liquid  volume  fraction 
particulate  liquid  mass  fraction 
XwPg/Cpw  "  **(PW  Pg^ 


L 
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Specific  Humidity  W, 


Temperature  (F) 
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